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PREFACE 

It  is  now  generally  known  that  within  the  last  fifteen  years  a 
new  branch  of  science  has  come  into  existence.  This  branch,  occu- 
pying a  position  between  physics  and  chemistry,  is  known  as  physi- 
cal chemistry.  The  term,  however,  is  by  no  means  a  new  one. 
We  have  had  physical  chemistry  since  the  beginning  of  the  last 
century.  In  order  to  distinguish  the  new  science  from  the  old, 
from  which  it  differs  in  kind,  it  has  been  termed  the  new  physical 
chemistry. 

There  seems  to  be  a  tendency  in  the  last  few  years  to  ignore  the 
work  of  the  older  physical  chemists,  and  to  regard  that  physical 
chemistry  which  is  of  any  value  as  dating  not  earlier  than  1885. 
To  any  one  who  holds  this  view,  this  work  will  seem  to  lay  undue 
stress  upon,  and  devote  an  unnecessary  amount  of  space  to  the 
older  work. 

It,  however,  appears  to  the  writer  that  in  order  to  appreciate  the 
gigantic  strides  made  by  the  new  physical  chemistry,  it  is  not  neces- 
sary to  reject,  or  even  ignore  the  work  of  such  men  as  Kopp,  Bun- 
sen,  Gladstone,  Begnault,  and  the  other  great  founders  of  chemical 
and  physical  science.  If  we  would  study  their  work  more  closely, 
we  would  see  that  it  lies  at  the  foundation  of  much  that  has  been 
developed  within  the  last  few  years. 

It  has  been  the  aim  of  the  author  to  deal  with  the  whole  subject 
of  physical  chemistry  in  an  elementary  manner.  The  rapidly 
increasing  desire,  on  the  part  of  students  of  chemistry  and  physics, 
to  know  more  of  physical  chemistry  is  manifesting  itself  in  every 
direction.  It  is  with  the  object  of  helping  such  students  in  the 
later  stages  of  their  college  work  and  in  the  earlier  part  of  their 
university  career  that  this  work  has  been  prepared. 

The  question  might  be  raised  that  if  this  is  meant  to  be  an  ele- 
mentary text-book,  why  is  so  much  presupposed  ?  No  one  can  use 
this  book  successfully  without  an  elementary  knowledge  of  physics, 
of  chemistry,  and  of  mathematics.  The  answer  is  that  this  is  partly 
inherent  in  the  nature  of  the  subject.  Physical  chemistry  involves 
at  least  the  elements  of  physics,  and  of  chemistry  inorganic  and 
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organic ;  and  the  student  must  also  be  familiar  with  the  elementary 
calculus  if  he  would  go  deeply  into  the  subject,  and  it  would  be  well 
to  add  the  elements  of  thermodynamics  and  differential  equations. 
It  is,  however,  true  that  much  may  be  learned  about  physical  chem- 
istry without  any  knowledge  of  the  higher  mathematics ;  but  such 
information  must  always  be  more  or  less  imsatisfactory. 

In  reference  to  the  contents  of  that  portion  of  the  work  which 
deals  with  the  newer  physical  chemistry,  a  few  words  should  be 
added  in  this  connection.  The  new  physical  chemistry  really 
begins  with  the  chapter  on  solutions,  and  this  is  one  of  the  most 
important  chapters.  The  discovery  of  the  relations  between  dilute 
solutions  and  gases  has  placed  the  subject  of  solutions  at  the  very 
foundation  of  the  new  developments  in  physical  chemistry. 

The  subject  of  thermochemistry,  while  important  and  interesting, 
has  never  acquired  that  prominence  which,  for  a  long  time,  it 
seemed  likely  to  attain,  partly  because  the  data  are  often  so  com- 
plex that  it  is  difficult  to  interpret  them  and  discover  their  meaning. 

Electrochemistry,  on  the  other  hand,  is  of  the  very  greatest  im- 
portance. In  no  chapter  of  physical  chemistry  have  greater  advances 
been  made  in  recent  time,  and  nowhere  do  we  find  experimental 
work  of  greater  value. 

The  study  of  chemical  dynamics  and  statics  has  been  very  much 
to  the  front  ever  since  the  recognition  of  the  importance  of  the  law 
of  mass  action.  It  will  be  observed  that  reaction  velocities,  and 
equilibrium  in  chemical  reactions  have  been  dealt  with  from  the 
standpoint  of  this  law.  This  appeals  to  the  author  as  being  the 
most  exact  and  by  far  the  simplest  method  of  treating  these  prob- 
lems. The  phase  rule,  however,  is  considered  at  sufficient  length, 
and  applied,  it  is  hoped,  to  a  sufficient  number  of  cases  to  make 
clear  this  important  generalization. 

An  attempt  has  been  made  to  prepare  a  balanced  work.  The 
danger  of  treating  certain  subjects  too  fully  and  of  following  certain 
deductions  beyond  the  scope  of  the  remainder  of  the  book  has  been 
felt,  and  an  earnest  endeavor  has  been  made  to  avoid  this  defect. 

In  dealing  with  the  older  as  well  as  with  the  newer  work  the 
author  has  endeavored  to  obtain  his  information  from  original 
articles  wherever  it  was  possible,  and  in  most  cases  it  has  been 
possible.  He,  however,  wishes  to  express  his  indebtedness  espe- 
cially to  Lothar  Meyer's  Die  Modeme  theorien  d^r  Chemie,  to  Ost- 
wald's  great  Lehrbuch  der  allgemeinen  Chemie,  to  Nernst's  Theoretiscfie 
Chemiey  and  to  Van't  Hoff' s  Vorlesungen  iiber  theoretische  und  physi- 
kalische  Chemie  for  references  to  the  literature.     These  have  made 
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it  a  much  simpler  matter  to  find  just  what  was  desired  at  any 
moment. 

Little  need  be  said  at  this  date  in  reference  to  the  importance  of 
the  whole  subject  of  physical  chemistry.  It  has  already  extended 
into  nearly  every  field  of  chemical  science,  contributing  largely  to 
the  interpretation  of  phenomena  hitherto  not  understood.  It  has 
thrown  light  on  so  many  problems  in  chemistry  that  it  has  now 
become  an  integral  part  of  that  science.  And  it  is  recognized  that 
no  chemist  to-day,  scientific  or  technical,  can  omit  physical  chem- 
istry without  losing  an  essential  part  of  his  training. 

Physical  chemistry  has  also  thrown  light  on  a  number  of  physical 
problems,  especially  in  connection  with  the  study  of  primary  cells, 
as  we  shall  see  when  we  study  electrochemistry. 

It  has  also  reached  out  into  biology,  and  has  become  essential  to 
the  physiologist  and  pharmacologist.  This  has  been  shown  by  the 
work  of  Loeb,  Dreser,  and  others.  And  that  physical  chemistry  is 
to  find  its  way  into  the  geological  sciences  has  become  obvious  from 
the  work  of  Van't  Hoff  in  the  last  two  or  three  years.  The  wide- 
reaching  significance  of  the  subject  would  account  for  its  almost 
unprecedented  growth  in  the  last  decade  and  a  half  of  the  nine- 
teenth century. 

HARRY  C.  JONES. 


CONTENTS 

CHAPTER  I 
Atoms  and  Molecules 

PAOI 

The  Atomic  Theory 1 

Determination  of  Relative  Atomic  Weights 4 

Relations  between  Atomic  Weights  and  Properties        .        .        .        .18 
The  Nature  of  Atoms  and  the  Size  of  Molecules 87 


CHAPTER  n 

Gases 

Laws  of  Gas-pressure 41 

The  Kinetic  Theory  of  Gases 49 

Densities  and  Molecular  Weights  of  Gases 62 

Specific  Heat  of  Gases 63 

The  Spectra  of  Gases 74 

CHAPTER  III 

Liquids 

Relations  between  Liquids  and  Gases 79 

The  Vapor-pressure  and  Boiling-point  of  Liquids 94 

Heat  of  Vaporization 104 

Specific  Heat  of  Liquids 106 

The  Refractive  Power  of  Liquids 110 

Rotation  of  the  Plane  of  Polarized  Light 120 

Magnetic  Rotation  of  the  Plane  of  Polarization 130 

Magnetic  Property 133 

Specific  Gravity  and  Volume  Relations  of  Liquids         ....  134 

Viscosity  of  Liquids 136 

Surface-tension  of  Liquids 138 

Dielectric  Constants  of  Liquids 145 

IX 


X  CONTENTS 

CHAPTER  IV 
Solids 

PAOB 

Crystals 149 

Properties  of  Crystals  —  Relations  between  Form  and  Properties.        .  152 
Crystallographic  Form  and  Chemical  Composition        .        .        .        .156 

Melting-points  of  Solids 158 

Latent  Heat  of  Fusion 161 

Specific  Heat  of  Solids 162 

CHAPTER  V 

Solutions 

Solutions  in  Gases 167 

Solutions  in  Liquids 168 

Osmotic  Pressure! 179 

Relations  between  Osmotic  Pressure  and  Oas-pressure  •        .        .        .193 

Origin  of  the  Theory  of  Electrolytic  Dissociation 199 

Lowering  of  the  Freezing-point  of  Solvents  by  Dissolved  Substances    .  203 
Lowering  of  the  Yapor-tension  of  Solvents  by  Dissolved  Substances 

(Rise  in  Boiling-point) 226 

Diffusion 243 

Color  of  Solutions 253 

Other  Properties  of  Solutions 262 

Solutions  in  Solids 267 

CHAPTER  VI 

Thermochemistry 

Development  of  Thermochemistry 279 

Conservation  of  Energy  applied  to  Thermochemistry    •        •        •        .  283 

Thermochemical  Methods 286 

Thermochemical  Units  and  Symbols 290 

Some  Results  with  the  Elements 292 

Neutralization  of  Acids  and  Bases 294 

Some  Results  with  Organic  Compounds 300 

CHAPTER  Vn 

Electrochemistry 

Development  of  Electrochemistry •        •        .  308 

Electrical  Energy ;  Units ;  Nomenclature 319 

The  Law  of  Faraday .323 


CONTENTS  xi 

PAOB 

The  Migration  Velocities  of  Ions 826 

The  Conductivity  of  Solutions  of  Electrolytes 337 

Applications  of  the  Conductivities  of  Solutions  of  Electrolytes     •        •  349 

Dissociating  Action  of  Water  and  Other  Solvents 367 

Electromotive  Force  of  Primary  Cells     .        .        .        ...        .        .  377 

Measurement  of  Differences  of  Potential  between  Metals  and  Electro- 
lytes —  Calculation  of  the  Solution-tension  of  Metals     .        .        .  406 

Electrolysis  and  Polarization 415 

Batteries  in  General  Use 424 


CHAPTER  Vm 

Photochemistrt 

Actinometry 427 

Results  of  Photochemical  Measurements 430 

Photochemical  Action  of  Newly  Discovered  Forms  of  Radiation  •        •    433 

CHAPTER  IX 

Chemical  Dynamics  and  Equilibrium 

Historical  Sketch 438 

The  Law  of  Mass  Action         .        .        .       - 450 

Chemical  Dynamics 454 

Chemical  Equilibrium 480 

The  Phase  Rule  and  its  Application  to  Chemical  Equilibrium      •        •  489 

Equilibrium  in  Solutions  of  Electrolytes 515 

CHAPTER  X 

Measurements  of  Chemical  Activitt 

Methods  employed  and  Some  of  the  Results  obtained    ....    523 
Effect  of  Composition  and  Constitution  on  Chemical  Activity      •        •    533 


THE  ELEMENTS  OF  PHYSICAL  CHEMISTRY 


CHAPTER   I 

ATOMS  AND  MOIiBCULBS 

THE  ATOMIC  THEORY 

The  Law  of  the  Conaeryation  of  Kan.  —  The  study  of  chemical 
phenomena,  like  the  study  of  natural  phenomena  in  general,  was  at 
first  purely  qualitative.  It  was  early  observed  that  when  certain 
substances  are  brought  together  they  react,  giving  rise  to  new  sub- 
stances, and  it  was  also  noted  that  the  substances  formed  as  the 
result  of  the  reaction  have  many  properties  which  are  very  different 
from  those  of  the  substances  from  which  they  were  formed.  These 
qualitative  observations,  however,  while  absolutely  necessary  in  the 
earlier  stages  of  any  branch  of  science,  are  far  from  sufficient.  The 
mere  fact  that  from  certain  things  other  things  are  formed  is  not 
only  empiricism,  but  empiricism  in  the  earliest  stage;  since  it  is 
but  the  result  of  the  observation  of  the  more  superficial  side  of  the 
phenomenon  of  chemical  activity,  and  entirely  lacks  any  quantita- 
tive basis.  The  qualitative  stage  is  followed,  wherever  it  is  possi- 
ble, by  the  quantitative ;  and  so  it  has  been  in  chemistry.  Known 
quantities  of  substances  were  used,  and  the  amounts  of  the  sub- 
stances formed  determined.  Almost  as  soon  as  chemists  began  to 
work  with  known  masses  of  substances,  the  remarkable  fact  was 
discovered  that  in  chemical  transformations  mass  remains  unaltered. 
This  is  remarkable  because  it  is  the  only  property  which  remains 
unchanged  in  chemical  reaction.  When  two  or  more  substances 
react,  nearly  all  of  the  properties  of  the  products  of  the  reaction 
are  different  from  those  of  the  substances  which  enter  into  the 
reaction.  This  is  well  illustrated  by  the  reaction  between  metallic 
sodium  and  chlorine,  resulting  in  the  formation  of  sodium  chloride. 
The  salt  formed  has  properties  very  different  from  either  constituent. 
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Indeed,  all  of  the  most  striking  properties  of  both  constituents  are 
lost  during  the  reaction.  Yet,  in  the  midst  of  all  this  change  of 
properties  which  takes  place  in  chemical  reactions,  the  one  property, 
mass,  stands  immutable. 

We  measure  mass  by  weight,  and  are  accustomed  to  say  that  in 
chemical  reactions  weight  remains  unchanged ;  the  weight  of  all  the 
products  of  the  reaction,  under  the  same  conditions,  is  exactly  equal 
to  the  weight  of  all  the  substances  which  enter  into  the  reaction. 
This  is  true ;  but  since  weight  is  but  a  measure  of  mass,  it  is  the 
conservation  of  the  mass  and  not  of  the  weight  upon  which  we  should 
fix  our  attention. 

This  law  of  the  conseryation  of  mass  is  sometimes  referred  to  as 
the  law  of  the  conservation  of  matter.  The  former  expression  is 
greatly  to  be  preferred  to  the  latter,  since  it  states  just  what  we 
have  established  by  experiment.  The  latter  goes  far  beyond  the 
facts  and,  as  Ostwald  has  pointed  out,  is  pure  theory. 

The  question  as  to  whether  there  is  any  change  in  weight  in 
chemical  reaction  has  recently  been  thoroughly  investigated  by 
Landolt.^  In  his  work  the  most  refined  balances  which  have  ever 
been  made  were  employed ;  and  in  every  detail  the  work  is  a  classic 
for  thoroughness  and  accuracy.  While  certain  small  changes  in 
weight  were  observed,  yet  in  no  case  was  the  difference  sufficient  to 
justify  the  conclusion  that  there  is  any  change  in  weight  in  chemical 
reaction. 

The  Law  of  Constant  Proportion. — The  second  important  general- 
ization which  was  reached  through  the  quantitative  study  of  chemical 
phenomena,  was  that  the  constituents  of  a  chemical  compound  are 
always  present  in  a  constant  proportion.  If  two  substances  unite 
and  form  a  third,  they  enter  into  combination  in  a  constant  propor- 
tion by  mass.    The  law  may  be  stated  thus :  — 

Every  chemiccU  compound  always  contains  the  same  constituents,  and 
there  is  a  constant  proportion  between  the  mxisses  of  the  constituents 
present 

The  law  of  constant  proportions  was  called  in  question  in  the  early 
years  of  this  century  by  Berthollet.*  He  was  impressed  by  the  effect 
on  the  chemical  reaction  of  the  quantity  of  substance  used,  and  saw 
in  outline  what  has  since  been  established  as  the  law  of  mass  action. 
He  thought  that  not  only  the  nature  and  magnitude  of  the  reaction 
were  affected  by  the  masses  of  the  substances  used,  but  also  the 

1  Zt9chr,  phys,  Chem.  12,  1  (189.3). 
>  B$$ai  de  statique  chimique  (1803). 


ATOMS  AND  MOLECULES  3 

composition  of  the  products  formed.  Two  substances  could  unite 
in  a  great  many  proportions,  and  the  composition  of  the  product 
depended  chiefly  on  the  relation  between  the  amounts  of  the  sub- 
stances used. 

The  error  of  BerthoUet  was  corrected  by  Proust,  who  showed  that 
many  of  the  substances  which  were  supposed  by  BerthoUet  to  be 
compounds  were  simply  mixtures.  The  result  of  the  most  accurate 
investigations  is  to  show  that  the  law  of  constant  proportions  is  a 
fundamental  law  of  chemical  reaction. 

Law  of  Knltiple  Proportions.  —  While  it  is  true  that  substances 
combine  in  constant  proportions,  it  is  also  true  that  two  substances 
may  combine  in  more  than  one  proportion.  Dalton  ^  examined  the 
two  compounds,  methane  and  ethylene,  and  found  that  the  ratio  of 
carbon  to  hydrogen  in  the  former  was  as  3  to  1 ;  in  the  latter  as 
6  to  1.  The  latter  compound  evidently  contains  twice  as  much 
carbon  with  respect  to  hydrogen  as  the  former.  Similarly,  there  is 
just  twice  as  much  carbon  with  respect  to  oxygen  in  carbon  monoxide 
as  in  carbon  dioxide.  A  large  number  of  other  compounds  were 
examined,  in  which  simple  ratios  between  the  masses  of  the  con- 
stituents were  discovered.  From  these  and  similar  facts  Dalton 
arrived  at  the  law  of  multiple  proportions,  which  may  be  stated 
thus :  — 

If  two  substances  combine  in  more  than  one  proportion,  the  m,asses 
of  the  one  which  combine  with  a  given  wjoss  of  the  other,  bear  a  simple 
rational  relation  to  one  another. 

The  Law  of  Combining  Weights.  —  There  is  a  third  law  to  which 
the  masses  of  substances  which  combine  with  one  another  conform. 
This  has  been  termed  the  law  of  combining  weights.  If  we  deter- 
mine the  weights  of  different  substances  which  combine  with  a  given 
weight  of  a  definite  substance,  these  weights,  or  simple  multiples  of 
them,  represent  the  quantities  of  the  different  substances  which 
will  combine  with  one  another.  The  quantities  of  substances  which 
combine  with  one  another  have  been  termed  their  combining  numbers. 

Substances  combine  either  in  the  ratio  of  their  combining  numbers, 
or  in  simple  rational  multiples  of  these  numbers. 

This  law,  like  the  laws  of  constant  and  multiple  proportions,  has 
been  subjected  to  the  most  careful  experimental  test,  and  has  been 
shown  to  be  true  to  within  the  limit  of  error  of  some  of  the  most 
refined  experimental  work. 

Origin  of  the  Atomic  Theory. — The  discovery  of  empirical  rela- 

1  New  System  of  Chemical  Philosophy  (1808). 
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tions,  such  as  the  three  laws  of  chemical  combiDation  just  considered, 
is  of  great  importance,  and  is  absolutely  essential  to  scientific  prog- 
ress; but  these  are  chiefly  of  interest  as  they  lead  to  correct  theories 
and  wide-reaching  generalizations.  Dalton  raised  the  question,  What 
does  the  law  of  multiple  proportions  really  mean  ?  Why  do  such 
relations  obtain  ?  His  answer  is  what  has  come  to  be  known  as  the 
scientific  atomic  theory,  in  contradistinction  to  the  older  imaginative 
speculations  about  atoms  and  molecules.  The  view  that  matter  is 
composed  of  indivisible  particles  or  atoms,  which  have  definite 
weights,  and  that  chemical  action  takes  place  between  these  parti- 
cles, was  to  Dalton  the  only  rational  explanation  of  the  laws  of  mul- 
tiple proportion  and  combining  weights.  If  matter  is  composed  of 
such  ultimate  parts  or  atoms,  then  a  constant  number  of  atoms  of 
one  substance  combine  with  one  atom  of  another  substance  to  form 
a  definite  compound,  and  we  have  the  law  of  constant  proportions. 
One  atom  of  one  substance  may  combine  with  one  atom  of  another 
substance,  or  a  number  of  atoms  of  one  substance  may  combine  with 
one  of  another;  but  the  number  must  be  a  simple  rational  whole 
number;  whence  the  law  of  multiple  proportions. 

Since  the  atoms  have  definite  weights,  and  the  laws  of  constant 
and  multiple  proportions  are  true,  the  law  of  combining  numbers 
follows  as  a  necessary  consequence  of  the  atomic  theory.  And, 
further,  if  the  same  number  of  atoms  of  the  two  substances  combine, 
the  combining  numbers  represent  the  relative  weights  of  the  atoms 
which  enter  into  combination.  This  furnished  a  means  of  determin- 
ing the  relative  atomic  weights. 


DETERMINATION  OF  RELATIVE  ATOMIC  WEIGHTS 

Combining  Numbers  and  Atomic  Weights.  —  The  problem  of  de- 
termining the  relative  weights  of  atoms  seems  at  first  sight  a  very 
simple  matter,  from  what  was  stated  above.  It  is  only  necessary  to 
determine  the  relative  weights  of  substances  which  combine  —  the 
combining  numbers — in  order  to  find  out  the  relative  weights  of  the 
atoms  of  these  substances.  This  would  be  true  if  a  given  number  of 
atoms  of  one  substance  always  combined  with  an  equal  number  of 
atoms  of  another.  But  we  know  that  this  is  not  the  case,  since  it 
often  happens  that  two  elementary  substances  combine  in  several 
proportions.  To  determine  the  relative  atomic  weights  of  the  ele- 
ments, we  must,  therefore,  know  the  combining  numbers  of  the  ele- 
ments, and  also  the  number  of  atoms  of  the  different  elements  which 
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combine  with  one  another.  We  will  take  up  first  the  method  of 
determining  the  combining  numbers  of  the  elements. 

Chemicid  Kethods  of  determining  Combining  Numbers. — The 
simplest  method  would  be  to  take  some  element  as  our  standard^  and 
call  its  combining  number  one.  Then  allow  all  of  the  other  elements 
to  combine  with  this  one,  and  determine  the  weights  of  the  different 
elements  which  combined  with  unit  weight  of  our  standard  element. 
Since  hydrogen  has  the  smallest  combining  number,  it  would  natu- 
raJlj  be  chosen  as  the  unit.  The  problem  then  would  be  to  determine, 
say,  the  number  of  grams  of  the  different  elements  which  combine 
with  one  gram  of  hydrogen,  and  these  figures  would  represent  the 
combining  weights  of  the  elements  in  terms  of  hydrogen  as  unity. 
Since  it  is  true  that  comparatively  few  of  the  elements  combine 
directly  with  hydrogen,  the  direct  comparison  with  hydrogen  cannot 
be  made  in  many  cases. 

A  large  number  of  the  elements,  however,  combine  directly  with 
oxygen.  We  can  determine  the  ratio  between  the  combining  numbers 
of  these  elements  and  oxygen,  and  then  the  ratio  between  the  com- 
bining number  of  oxygen  and  that  of  hydrogen,  and  thus  calculate 
the  combining  numbers  of  the  elements  in  terms  of  our  unit 
hydrogen. 

We  might  thus  work  out  a  table  of  the  combining  numbers  of  all 
of  the  elements  in  terms  of  hydrogen  as  unity.  This  part  of  the  prob- 
lem is,  however,  not  as  simple  as  would  be  indicated  from  the  above. 
Many  of  the  elements  combine  in  more  than  one  proportion.  Take 
the  case  of  hydrogen  and  carbon.  The  combining  number  of  carbon 
in  terms  of  hydrogen  as  unity  would  be  3  if  determined  by  the 
analysis  of  marsh  gas.  From  the  analysis  of  ethylene  we  would 
conclude  that  it  was  6,  while  from  the  analysis  of  acetylene  it  would 
appear  to  be  12.  A  similar  complexity  would  result  in  the  case  of 
carbon  and  oxygen.  If  we  take  oxygen  as  16  in  terms  of  hydrogen 
1,  the  combining  number  of  carbon,  as  determined  from  carbon 
monoxide,  would  be  12,  while  as  determined  from  carbon  dioxide  it 
would  be  6.  We  would  thus  obtain  different  combining  numbers 
for  the  same  element,  depending  upon  which  of  its  compounds  we 
selected. 

It  is  perfectly  clear  that  neither  the  chemical  analysis  of  the 
compound,  nor  its  synthesis  from  the  elements,  throws  any  light  on 
the  problem  as  to  the  number  of  atoms  of  one  substance  combined 
with  one  atom  of  the  other.  Berzelius  attempted  to  solve  this  part 
of  the  problem  of  atomic  weights  by  means  of  certain  dogmatic  rules, 
which  have  only  this  value,  that  they  brought  out  a  large  amount 
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of  experimental  work  which  resulted  in  new  and  improved  methods 
of  analysis,  Cheinii'al  methods  alone  can  lead  only  to  the  combin- 
ing' weights  or  numbers  of  the  elements,  and,  as  already  stated,  in 
many  cases  more  than  one  combining  weight  for  an  element  would 
be  obtained.  Other  methods  must  be  employed  in  order  to  deter- 
mine the  number  of  atoms  of  the  one  element  which  have  com- 
bined with  one  atom  of  the  other.     To  these  we  will  now  turn. 

IColecnlar  Weights  determined  from  the  Densities  of  Oases.  —  Gay 
Lusaac '  showed  in  1808  that  the  densities  of  gases  are  proportional 
to  their  combining  weights,  or  to  simple  rational  multiples  of  them. 
If  two  gases  react  chemically,  the  volumes  which  react  are  either 
equal,  or  bear  a  simple  rational  relation  to  one  another.  And, 
further,  if  the  product  formed  is  a  gas,  its  volume  bears  a  simple 
rational  relation  to  the  volumes  of  the  gases  from  which  it  was 
formed.  Thus,  one  volume  of  hydrogen  combines  with  one  volume 
of  chlorine,  and  forma  two  volumes  of  hydrochloric  acid  gas.  One 
volume  of  oxygen  combines  with  two  volumes  of  hydrogen,  form- 
ing two  volumes  of  water-vapor.  One  volume  of  nitrogen  com- 
bines with  three  volumes  of  hydrogen,  forming  two  volumes  of 
atDmonia. 

From  the  laws  of  definite  and  multiple  proportions,  the  law  of 
combining  numbers,  and  the  atomic  theory  which  was  proposed  to 
account  for  these,  we  see  that  every  chemical  reaction  takes  place 
between  a  definite  number  of  atoms,  and  the  number  ia  usually 
small.  Therefore,  the  discovery  of  Gay  Lussae  leads  to  the  con- 
clusiou  that  — 

Tke  number  of  atoms  contained  in  a  given  volume  of  anji  ga» 
mxi»t  bear  a,  simple  rational  relation  to  the  number  of  aloma  contained 
ill  an  equal  volume  [ai  the  same  temperature  and  pressure)  of  any 
other  gas. 

We  have  thus  far,  however,  no  means  of  determining  the  numeri- 
cal vahie  of  this  relation,  and,  therefore,  cannot  use  the  discovery 
of  Gay  Lussac  alone  to  determine  relative  atomic  weights. 

Avogadro'i  Hypotheait. — Avogadro' in  18U,  taking  into  account 
all  of  the  facts  known,  advanced  the  hypothesis  tliat  — 

In  equal  volumes  of  ail  gases,  ai  tlie  same  temperature  and  pressure, 
there  is  an  equal  number  of  tiHimate  parte  or  molecules. 

Avogadro  extended  his  hypothesis  to  all  gases,  including  even 
the  elementary  gases,  and  regarded  the  molecules  of  these  substances 

>  Jffni  d.  Arevfll,  T.,  11.  (ISOB). 
*  Jnum.  de  PhviL  n,  eS-ia  (181 1). 
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as  made  up  of  atoms  of  the  same  kind,  which  had  united  with  one 
another.  This  was  a  necessary  consequence  of  his  hypothesis. 
One  volume  of  hydrogen  gas  combines  with  one  volume  of  chlorine 
gas,  and  forms  two  volumes  of  hydrochloric  acid  gas.  If  there  are 
the  same  number  of  molecules  in  equal  volumes  of  all  gases,  there 
would  be  twice  as  many  in  the  two  volumes  of  hydrochloric  acid  as 
in  the  one  volume  of  hydrogen,  or  the  one  volume  of  chlorine.  Since 
each  molecule  of  hydrochloric  acid  must  contain  at  least  one  atom 
of  hydrogen  and  one  atom  of  chlorine,  the  molecule  of  hydrogen 
and  of  chlorine  must  be  made  up  of  at  least  two  atoms.  Ampere,* 
in  1814,  advanced  essentially  the  same  hypothesis  as  had  been  pro- 
posed three  years  before  by  Avogadro.  The  hypothesis  of  Avogadro 
has  been  confirmed  by  such  an  abundance  of  subsequent  work,  in 
80  many  directions,  that  it  is  now  placed  among  the  well-established 
laws  of  nature.  It  points  out  distinctly  the  difference  between 
atoms  and  molecules,  and  rationally  explains  why  different  gases 
should  obey  the  same  law  of  volume  and  of  pressure,  and  have  the 
same  temperature  coefficient  of  expansion.  It  has  been  tested  from 
both  the  physical  and  mathematical  standpoints,  and  now  lies  at 
the  basis  of  much  of  our  knowledge  of  gases. 

Avogadro'B  Hypothesis  and  Kolecnlar  Weights.  —  Given  the 
hypothesis  of  Avogadro,  the  determination  of  the  relative  molecular 
weights  of  gases  is  very  simple.  If  there  is  an  equal  number  of 
molecules  contained  in  equal  volumes  of  the  different  gases,  the 
relative  weights  of  equal  volumes  of  these  gases  give  at  once  the 
relative  weights  of  the  molecules  contained  in  them.  It  is  only 
necessary  to  choose  some  substance  as  our  standard,  and  express  the 
molecular  weights  of  other  substances  in  terms  of  this  standard. 
We  would  naturally  select  as  the  unit  that  substance  which  has 
the  smallest  density,  and  this  is  hydrogen.  From  what  has  been 
said,  however,  in  reference  to  the  union  of  hydrogen  and  chlorine, 
forming  hydrochloric  acid,  it  is  certain  that  the  molecule  of  hydro- 
gen contains  at  least  two  atoms.  We  will,  therefore,  call  the  molec- 
ular weight  of  hydrogen  two,  and  calculate  the  molecular  weights 
of  other  elements  in  terms  of  this  standard.  The  densities  of  sub- 
stances are  usually  determined  in  terms  of  air  as  the  unit.  It  is  a 
simple  matter  to  recalculate  these  in  terms  of  hydrogen  as  two. 
The  density  of  hydrogen  in  terms  of  air  as  the  unit  is  0.06926.^ 
We  must  multiply  this  by  28.88   to  obtain   our  new  unit   two 

^  Lettre  de  M.  Ampere  k  le  Berthollet,  Ann,  de  Chim,  90,  43. 
3  Later  determinations  give  0.0696. 
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(2  -^  0.06926  =  28.88).  Similarly,  for  other  substances  whose  den- 
sities are  known  with  reference  to  air;  these  densities  must  be 
multiplied  by  the  constant  28.88  to  transform  them  into  densities 
in  terms  of  hydrogen  =  2.  These  latter  values  are  the  relative 
molecular  weights  of  the  substances  in  the  form  of  gas,  referred  to 
the  molecular  weight  of  hydrogen  as  two.  A  few  results  are  given 
in  the  following  table,  showing  in  column  I  the  densities  in  terms 
of  air  as  the  unit;  in  column  II  the  densities  or  relative  molecular 
weights  in  terms  of  hydrogen  =  2.  The  results  in  column  II  are 
obtained  by  multiplying  the  results  in  column  I  by  28.88. 


Hydrogen,  O^C. 
Oxygen,  0*»C.     * 
Nitrogen,  0^0. 
Sulphur,  1400°  C. 
Chlorine,  200°  C. 
Bromine,  100°  C. 
Mercury,  1400°  C. 
Iodine,  940*^  C. 


0.06926 

1.10563 

0.9713 

2.17 

2.46 

6.64 

6.81 

8.72 


X  28.88 


n 


2 

31.93 

28.06 

62.67 

70.76 

169.99 

196.67 

261.83 


The  molecular  weights  of  compounds  can  be  determined  in  exactly 
the  same  manner  from  the  densities  of  their  vapors.  If  these  have 
been  determined  on  the  basis  of  air  as  unity,  we  must  multiply  by 
28.88  to  obtain  the  molecular  weight  referred  to  hydrogen  as  two. 
The  molecular  weights  of  compounds  thus  obtained  must  bear  a 
rational  relation  to  the  combining  weights  of  the  elements  which 
enter  into  the  compound.  The  molecular  weights  as  obtained  from 
vapor-densities  can,  therefore,  be  corrected  by  the  most  careful 
analytical  Qr  synthetical  determination  of  the  combining  weights 
of  the  elements  which  enter  into  the  compounds. 

Atomic  Weights  from  Molecular  Weights.  —  If  we  knew  the  num- 
ber of  atoms  contained  in  the  molecule  of  elements  in  the  gaseous 
state,  the  problem  of  relative  atomic  weights  would  be  solved  at  once 
by  dividing  the  molecular  weight  of  the  gas  by  the  number  of  atoms 
in  the  molecule.  The  problem  is,  however,  not  as  simple  as  this, 
since  we  do  not  know  at  once  the  number  of  atoms  in  the  molecules 
of  elements.  Other  lines  of  thought  have  enabled  us  to  solve  this 
the  second  part  of  our  problem. 

The  definition  of  an  atom  as  an  indivisible  particle  of  matter 
shows  that  fractions  of  atoms  cannot  exist.    Ko  molecule  can  con- 
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tain  a  fraction  of  any  atom.  The  quantity  of  any  substance  which 
enters  into  a  molecule  must  be  at  least  one  atom.  It  may  be  more 
than  one^  but.  it  cannot  be  less.  This  is  the  key  to  the  problem. 
Suppose  we  wish  to  determine  the  number  of  hydrogen  atoms  in  a 
molecule  of  hydrogen.  We  must  examine  compounds  into  which 
hydrogen  enters,  and  find  out  what  is  the  smallest  quantity  of 
hydrogen  which  enters  into  the  molecule  of  the  compound.  Let 
us  take  hydrochloric  acid,  whose  molecular  weight  is  36.45.  This 
is  shown  by  analysis  to  be  composed  of  1  part  of  hydrogen  and  35.45 
parts  of  chlorine.  This  1  part  of  hydrogen  is  at  least  one  atom ; 
it  may  be  more,  but  it  cannot  be  less.  By  examining  a  large  num- 
ber of  compounds  into  which  hydrogen  enters,  it  has  been  found 
that  hydrogen  never  enters  into  a  molecule  of  any  substance  in  a 
smaller  quantity  than  in  hydrochloric  acid.  This  is,  therefore,  for 
us  the  atom  of  hydrogen,  but  it  may  in  reality  be  composed  of  a 
great  number  of  smaller  parts.  The  hydrogen  which  enters  into  the 
molecule  of  hydrochloric  acid  is  just  half  the  quantity  which  forms 
the  molecule  of  hydrogen  gas,  since  one  volume  of  hydrogen  com- 
bining with  one  volume  of  chlorine  yields  two  volumes  of  hydro- 
chloric acid  gas.  The  molecule  of  hydrogen,  therefore,  contains  at 
least  two  atoms,  and  since  there  is  no  experimental  reason  for 
assuming  that  it  contains  more  than  two,  we  say  that  the  molecule 
of  hydrogen  is  made  up  by  the  union  of  two  hydrogen  atoms.  Know- 
ing the  number  of  atoms  in  the  molecule,  the  atomic  weight  follows 
at  once  from  the  molecular  weight  determined  by  vapor-density,  and 
corrected  by  the  most  refined  methods  of  chemical  analysis. 

By  methods  similar  to  the  above  the  molecules  of  many  elements 
have  been  shown  to  be  composed  of  two  atoms.  But  this  by  no 
means  applies  to  all  elementary  substances.  The  molecules  of  some 
elementary  substances  contain  more  than  two  atoms,  and  in  a  very 
few  cases  the  molecule  and  atom  seem  to  be  identical.  And,  further, 
the  number  of  atoms  contained  in  the  molecule  has  been  shown  to 
vary  in  some  cases  with  change  in  conditions,  especially  with  change 
of  temperature.  But  by  studying  a  large  number  of  compounds  of 
an  element,  and  ascertaining  what  is  the  smallest  quantity  of  the 
element  which  ever  enters  into  a  compound,  we  can  determine  the 
number  of  atoms  contained  in  a  molecule  of  the  element  itself. 
Knowing  the  number  of  atoms  in  the  molecule  of  the  element,  and 
the  weight  of  the  molecule,  we  can  determine  relative  atomic 
weights.  The  relations  between  the  molecular  weights  of  a  few  of 
the  elements  and  their  atomic  weights  are  given  in  the  follow- 
ing table:  — 
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Elkmbmts 

Atomic  Wkiquts 

MOLBOULAB   WBIGim 

Hydrogen 

Nitrogen 

Oxygen 

Phosphorus 

Sulphur 

Chlorine 

Arsenic 

Selenium 

Bromine 

Cadmium 

Tellurium 

Iodine 

Mercury 

1 

14.01 
15.88 
30.96 

31.98 

35.18 
74.9 
78.9 
79.34 
111.7 
126.3 
125.89 
199.8 

2 

28.02 
31.76 
123.84 
f  63.96  above  800®  C. 
1 191.88  at  500° C. 
70.36 
299.6 
157.8 
158.68 
111.7 
252.6 

251.78  under  600°  C. 
199.8 

This  table  brings  out  a  number  of  facts  to  which  reference  has 
already  been  made.  The  molecular  weight  of  a  number  of  the 
elements  is  twice  as  great  as  the  atomic  weight.  In  some  cases,  as 
with  sulphur,  the  molecular  weight  is  twice  the  atomic  weight  at  a 
given  temperature,  and  then  varies  with  the  temperature.  In  the 
cases  of  cadmium  and  mercury  the  molecular  weights  are  apparently 
identical  with  the  atomic  weights.  This  matter  will  be  taken  up 
later  in  other  connections. 

It  frequently  happens  that  an  element  boils  at  such  a  high  tempera- 
ture that  we  cannot  determine  accurately  its  vapor-density.  In  such 
cases  volatile  compounds  of  the  element  are  used,  and  their  molecular 
weights  determined.  These  compounds  are  then  analyzed,  and  the 
one  containing  the  smallest  quantity  of  the  given  element  in  its 
molecule  is  said  to  contain  one  atom  of  the  element.  The  real  atom 
of  the  element  may  be  a  fraction  of  this  quantity,  but  this  is  for  all 
chemical  or  physical  chemical  purposes  the  atom,  and  its  relative 
weight  is  the  atomic  weight  of  the  element  in  question. 

Atomic  Weights  from  Specific  Heats.  —  Dulong  and  Petit  ^  in  1819 
showed  that  a  very  simple  relation  exists  between  the  specific  heats 
of  elements  in  the  solid  state  and  their  atomic  weights.  They  found 
that  the  specific  heats  varied  inversely  as  the  atomic  weights,  and, 
consequently,  that  the  product  of  the  specific  heats  and  atomic 
weights  of  the  elements  is  a  constant.  This  will  be  seen  from  the 
following  data :  — 


1  Ann.  Chim.  Phys.  10,  395  (1819). 
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Spkcifio  Ukat 

Atomic  Weight 

Product 

Lithium 

0.941 

7.01 

6.6 

Sodium 

0.293 

22.99 

6.7 

Magnesium 

0.250 

23.94 

6.0 

Potassium 

0.166 

39.03 

6.5 

Calcium 

0.170 

39.91 

6.8 

Iron 

0.112 

55.90 

6.3 

Cobalt 

0.107 

58.60 

6.3 

Nickel 

0.108 

58.60 

6.4 

Zinc 

0.0932 

64.9 

6.1 

From  these  and  similar  facts  Dulong  and  Petit  announced  their 
law:  — 

The  atoms  of  all  elements  have  the  same  capacity  for  heat  energy. 

After  the  discovery  of  this  law  it  was  a  comparatively  simple 
matter  to  determine  the  atomic  weights  of  solid  elements  from  their 
specific  heats.  If  specific  heat  multiplied  by  atomic  weight  is  a 
constant,  the  atomic  weight  is  equal  to  the  constant  divided  by  the 
specific  heat  The  numerical  value  of  the  constant,  taken  as  the 
average  for  a  number  of  elements,  is  about  6.25. 

Exceptions  to  the  law  of  Dulong  and  Petit  were  early  recognized. 
Weber  *  determined  the  specific  heats  of  the  elements  carbon,  boron, 
and  silicon,  at  temperatures  between  (f  and  100°  C,  and  obtained 
much  smaller  values  than  would  be  expected  from  the  law  of  Dulong 
and  Petit,  using  the  atomic  weights  of  these  elements  as  determined 
from  Avogadro's  law.  He  found,  however,  that  the  specific  heats  of 
these  elements  varied  widely  with  change  in  temperature,  and  that 
above  a  certain  temperature  the  specific  heats  became  constant.  At 
these  elevated  temperatures,  where  the  specific  heats  became  con- 
stant, they  conformed  to  the  law  of  Dulong  and  Petit.  These 
constant  specific  heats  were  obtained  only  at  comparatively  high 
temperatures;  for  silicon  at  about  200**  C,  for  the  different  modifica- 
tions of  carbon  at  about  600°  C,  for  boron  at  about  500°  C.  The 
different  modifications  of  carbon  had  different  specific  heats  at.  low 
temperatures,  but'  at  elevated  temperatures  this  difference  also  was 
found  to  vanish,  the  different  varieties  of  carbon  at  red  heat  show- 
ing the  same  specific  heats.  Similar  observations  were  made  on 
glucinum  by  Nilson  and  Pettersson.* 


^Pogg.  Ann.  154,  367  (1875).    Ber.  d,  chem.  Oesell  6,  303  (1872). 
*  Ber.  d.  chem.  Oesell.  18,  1451  (1880). 
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The  law  of  Dulong  and  Petit  is,  in  general,  only  approximately 
true,  and  holds  only  within  certain  limits  of  temperature. 

The  relation  between  the  specific  heats  of  compounds  and  the 
specific  heats  of  their  constituents  was  next  investigated.  Neumann* 
showed  that  equivalent  quantities  of  analogous  compounds  have  the 
same  capacity  for  heat,  and  Kegnault,  ^opp,'  and  others  pointed  out 
the  following  relation  between  the  specific  heats  of  compounds  and 
the  specific  heats  of  their  constituents.  The  capacity  of  the  atoms 
for  heat  energy  is  not  appreciably  changed  when  they  unite  and  form 
compounds.  In  a  word,  the  capacity  of  the  molecule  for  heat  is  the 
sum  of  the  capacities  of  the  atoms  in  the  molecule. 

The  recognition  of  this  relation  makes  it  possible  to  greatly 
extend  the  method  of  determining  atomic  weights  by  specific  heats. 
Many  of  the  elements  are  solids  only  at  temperatures  which  are  too 
low  to  be  dealt  with  by  the  methods  of  measuring  specific  heats. 
But  these  elements  form  solid  compounds  with  other  elements  whose 
specific  heats  and  atomic  weights  can  be  determined.  Let  us  take 
an  example.* 

Chlorine  is  an  element  whose  specific  heat  in  the  solid  state 
would  be  very  difficult  to  determine.  Chlorine,  however,  forms  a  solid 
compound  with  the  element  lead.  The  specific  heat  of  lead  chloride 
has  been  found  by  Regnault  to  be  0.0664;  206.4  parts  of  lead  yield 
277.1  parts  of  lead  chloride.  Multiplying  this  number  by  the  spe- 
cific heat  of  lead  chloride,  we  obtain  the  molecular  heat.  277.1  x 
0.0664  =  18.4.  Subtracting  the  atomic  heat  of  lead,  ^,6,  we  have  11.9 
as  the  atomic  heat,  corresponding  to  70.7  parts  of  chlorine.  Since 
the  atomic  heat  of  the  elements  is  about  6,  we  have  in  70.7  twice 
the  atomic  weight  of  chlorine,  or  the  atomic  weight  of  chlorine  = 
35.35.  This  agrees  very  closely  with  the  atomic  weight  of  chlorine 
determined  by  the  vapor-density  method,  based  upon  the  law  of 
Avogadro. 

The  above  example  serves  to  illustrate  the  way  in  which  the  spe- 
cific heats  of  compounds  are  used  to  determine  atomic  weights.  The 
method  has  been  widely  applied,  and  it  may  be  said  in  general,  that 
the  atomic  weights  determined  from  the  law  of  Dulong  and  Petit 
agree  with  those  obtained  from  the  law  of  Avogadro,  although  some 
discrepancies  exist. 

Isomorphism  an  Aid  in  determining  Atomic  Weights.  —  It  was 


1  Pogg.  Ann.  88,  1  (1831). 

s  Lieh.  Ann.  (1864),  Suppl.  8,  6. 

*  Meyer:  Die  Moderne  Theorien  der  Chemie,  p.  100. 
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recognized  even  in  the  eighteenth  century  that  substances  of  different 
composition  often  have  the  same,  or  very  nearly  the  same,  crystal  form. 
This  was  at  first  explained  by  assuming  that  certain  substances  have 
the  power  of  forcing  other  substances  to  take  their  own  crystal  form. 
Mitscherlich  *  interpreted  this  fact  quite  differently.  He  studied 
the  salts  of  arsenic  and  phosphoric  acids,  and  found  that  those  which 
contained  an  equal  number  of  atoms  in  the  molecule  had  the  same 
or  very  similar  crystal  forms.  Mitscherlich  concluded  at  first  that 
it  was  only  the  munber  and  not  the  nature  of  the  atom  which  condi- 
tioned the  crystal  form.  Later,  he  recognized  that  the  way  in  which 
the  atom  was  united  in  the  compound  was  an  important  factor  in 
determining  its  crystal  form,  and  then  arrived  at  the  generalization 
that,  "  An  equal  number  of  atoms  combined  in  the  same  way  produce 
the  savm  crystal  form,  and  that  the  same  crystal  form  is  independent  of 
the  chemical  nature  of  the  atoms,  but  depends  only  on  their  number  and 
position.'' 

If  this  relation  was  true,  it  would  throw  much  light  on  the  num- 
ber of  atoms  in  a  compound,  and  therefore  be  of  service  in  deter- 
mining atomic  weights.  Given  two  isomorphous  substances  such  as 
BaCls  2  HjO  and  BaBr^  2  HjO,  from  the  law  of  Mitscherlich  their 
molecules  must  contain  the  same  number  of  atoms.  If  we  know 
the  atomic  weights  of  all  of  the  elements  in  the  former  compound, 
we  can  find  the  atomic  weight  of  the  bromine  in  the  latter  sub- 
stance. 

This  relation  pointed  out  by  Mitscherlich  was  accepted  at  once 
by  Berzelius,  who  made  it  the  basis  of  atomic  weight  determinations. 
The  law,  however,  did  not  long  remain  without  exceptions.  Mit- 
scherlich* showed  that  the  compounds  BaMujOg,  Na2S04,  and  NaaSe04 
are  isomorphous,  and  they  evidently  contain  a  very  different  number 
of  atoms  in  the  molecule.  An  attempt  was  made  to  overcome  this 
difficulty  by  ascribing  to  these  compounds  the  formulas,  BaMngOg, 
NaSgOg,  and  NaScjOg,  but  these  were  so  strongly  at  variance  with  all 
the  facts  known  that  they  had  to  be  abandoned,  and  a  number  of 
other  substances  were  soon  discovered  to  be  isomorphous  which 
could  not  possibly  be  regarded  as  containing  the  same  number  of 
atoms  in  the  molecules. 

The  generalization  of  Mitscherlich  is  then  only  an  approximation 
to  which  there  are  many  exceptions,  and  this  method  of  determining 
atomic  weights  must  be  used  with  great  caution. 

1  Ann.  Chim,  Phys.  [2],  14,  172  (1820). 
«  Pogg.  Ann,  25,  287  (1832). 
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The  modifications  of  the  law  of  Mitscherlich  proposed  by  Marig- 
nac*  and  Kopp*  have  scarcely  increased  our  confidence  in  it  as  a 
means  of  determining  atomic  weights.  The  former  has  shown  that 
equality  in  the  number  of  atoms  in  compounds  is  not  necessary  in 
order  that  we  may  have  isomorphism,  and  Kopp  would  limit  the 
term  isomorphism  to  substances  which  will  grow  in  each  other's  so- 
lutions. The  application  of  the  conception  of  isomorphism  to  the 
problem  of  atomic  weights  has,  however,  been  of  much  service, 
especially  in  the  earlier  stages  of  such  work. 

Most  Accurate  Method  of  determining  Atomic  Weights.  —  The 
general  methods  described  for  determining  the  relative  atomic 
weights  of  the  elements  differ  greatly  in  their  relative  accuracy.  Of 
these  the  various  chemical  methods  for  determining  the  constituents 
of  compounds  are  by  far  the  most  accurate.  Indeed,  the  other 
methods  described,  such  as  the  vapor-density  method,  and  the 
methods  based  upon  specific  heat  of  solids,  and  upon  isomorphism, 
must  be  regarded  simply  as  checks  upon  the  chemical  methods.  By 
means  of  chemical  analysis  or  synthesis  we  determine  with  the 
greatest  degree  of  accuracy  the  combining  weights  of  elements,  and 
then  make  use  of  the  other  methods  to  decide  whether  we  are  dealing 
with  one  or  more  atoms. 

In  determining  atomic  weights  we  must  choose  some  element  as 
our  standard.  We  would  naturally  take  the  lightest  element,  hydro- 
gen, and  call  it  unity.  This  has  been  done,  and  all  atomic  weights 
referred  to  this  unit.  But  it  is  unfortunately  true,  as  has  been 
stated,  that  hydrogen  does  not  combine  directly  with  many  of  the 
elements  and  form  stable  compounds  which  can  be  analyzed. 

Oxygen,  on  the  other  hand,  does  combine  with  a  large  number  of 
the  elements,  forming  some  of  the  most  stable  compounds  with  which 
we  are  acquainted.  It  therefore  seemed  best  to  compare  the  atomic 
weights  of  the  elements  directly  with  the  atomic  weight  of  oxygen, 
and  then  compare  oxygen  with  hydrogen,  with  which  it  forms  the 
very  stable  compound,  water.  It  should  be  stated,  however,  that 
this  method  is  by  no  means  free  from  objections,  and  many  prefer 
retaining  hydrogen  as  the  unit.  The  atomic  weight  of  oxygen,  in 
terms  of  hydrogen  as  the  unit,  was  supposed  for  a  long  time  to 
be  the  whole  number  16.  If  this  was  true,  it  would  obviously  make 
no  difference  whether  we  called  hydrogen  1  or  oxygen  16,  and  then 
compare  all  other  atomic  weights  with  these  standards.      It  has 

1  Ueh.  Ann.  138,  29  (1864). 

s  Ber,  d.  chem.  Gesell,  18,  909  (1879). 
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recently  been  shown  beyond  question  that  when  hydrogen  is  1,  oxy- 
gen is  not  16,  but  considerably  less  (15.88).  We  must,  therefore, 
choose  between  these  two  substances  as  the  basis  of  the  system  of 
atomic  weights.  The  majority  of  investigators  at  present  seem 
inclined  to  select  oxygen  as  the  standard,  taking  its  atomic  weight  as 
16,  and  referring  the  atomic  weights  of  all  the  other  elements  to  this 
basis. 

The  most  direct  method  of  determining  the  combining  weight  of 
an  element,  in  terms  of  oxygen  as  our  standard,  would  be  to  deter- 
mine the  weight  of  the  element  which  would  combine  with  a  known 
weight  of  oxygen.  The  combining  weight  of  the  element  would 
then  be  calculated  by  the  simple  proportion,  — 

Wt.  oxygen  :  wt.  element  =  at.  wt.  oxygen  :  combining  wt.  element. 

We  should  then  have  to  determine,  by  some  of  the  methods  already 
referred  to,  how  many  atoms  of  the  element  in  question  combined 
with  one  atom  of  oxygen. 

While  it  is  true  that  oxygen  combines  directly  with  many  of  the 
elements,  forming  stable  compounds,  it  is  by  no  means  true  that  it 
forms  such  compounds  with  all  of  the  elements.  And  further,  some 
of  the  elements  form  compounds  with  oxygen  which  are  gaseous  or 
liquid  at  ordinary  temperatures,  and  for  these  or  other  reasons  are 
not  adapted  to  atomic  weight  determinations.  In  such  cases  the 
atomic  weight  of  the  element  must  be  compared  with  that  of  some 
element  other  than  oxygen,  which  in  turn  has  been  compared  with 
oxygen.  Thus,  the  atomic  weights  of  the  halogens  have  been 
determined  in  terms  of  the  atomic  weight  of  silver,  and  the  latter 
then  determined  in  terms  of  oxygen.  Even  more  complex  cases 
may  arise,  where  it  is  necessary  to  compare  the  atomic  weight 
of  an  element  with  the  sum  of  the  atomic  weights  of  two  or 
more  elements,  each  of  which  has  been  determined  in  terms  of 
oxygen. 

It  is  evident  that  the  more  direct  the  comparison  of  the  atomic 
weight  of  the  element  with  that  of  oxygen,  the  better;  since  the 
accumulation  of  experimental  errors,  resulting  from  indirect  com- 
parisons, is  avoided. 

Some  of  the  most  refined  experimental  work  which  has  ever  been 
done  has  had  to  do  with  the  problem  of  relative  atomic  weights. 
It  is  obviously  necessary  that  these  constants  should  be  determined 
with  the  very  greatest  degree  of  accuracy,  since  all  chemical  analysis 
and  much  of  the  most  refined  work  in  physical  chemistry  and  in 
physics  depends  upon  them.     In  this  connection  we  should  mention, 
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especially  among  the  earlier  work,  that  of  Stas^  and  Marignae,* 
and  among  the  more  recent  investigations  those  of  Morley^  and 
Richards.* 

The  work  of  Stas  had  to  do  more  especially  with  the  relations 
between  silver  and  the  halogens,  but  included,  also,  a  large  number 
of  other  elements,  especially  lithium,  sodium,  potassium,  sulphur, 
lead,  and  nitrogen.  The  work  of  Stas,  as  a  whole,  has  become  a 
model  for  refinement  and  accuracy,  and  is  simply  wonderful  when 
we  consider  the  comparatively  crude  apparatus  with  which  it  was 
carried  out. 

Marignac  has  done  an  enormous  amount  of  work  on  the  problem 
of  atomic  weights.  He  has  determined  the  atomic  weights  not  only 
of  chlorine,  bromine,  and  iodine,  but  of  carbon  and  nitrogen,  calcium, 
barium,  magnesium,  zinc,  manganese,  nickel,  cobalt,  lead,  bismuth, 
and  many  of  the  rarer  elements. 

The  comparatively  recent  work  of  Morley  on  the  ratio  between 
the  atomic  weights  of  oxygen  and  hydrogen  is  one  of  tl\e  finest 
pieces  of  scientific  work  in  modern  times.  He  has  established  this 
ratio  by  different  methods,  with  an  unusual  concordance  in  the  re- 
suits,  to  be  1 :  15.879. 

The  work  of  T.  W.  Richards  on  the  atomic  weights  of  a  large 
number  of  the  metals  should  receive  special  mention.  He  has  im- 
proved old  methods,  devised  new  ones,  and  applied  them  with  a  skill 
which  is  rare.  His  determinations  are  to  be  ranked  among  the  very 
best  which  have  ever  been  made. 

Table  of  Atomic  Weights.  —  The  most  probable  atomic  weights 
of  the  elements,  based  upon  the  best  determinations,  are  given  in 
the  following  table.  In  preparing  this  table  the  tables  of  Clarke, 
of  Richards,  and  of  the  committee  of  the  German  Chemical  Society 
have  all  been  carefully  considered ;  also  the  original  determinations 
themselves,  wherever  there  were  appreciable  differences  between  the 
values  chosen  by  the  different  authorities.  The  basis  of  this  table 
is  oxygen  =  16. 

*  Untersuch.  Uber  die  Oesetze  der  ckemischen  Proportionen.  Leipzig,  1867. 

«  Lieb,  Ann.  59,  284,  289  (1846);  Ann,  Chim.  Phys.  [6],  1,  303,  321  (1884); 
Journ,  prakt.  Chem,  74,  214,  216  (1858). 

'  Densities  of  0  and  H^  and  the  Ratios  of  their  Atomic  Weights.  (Smith- 
sonian publication.) 

*  Amer.  Chem.  Journ.  10,  187;  Ztschr.  anorg.  Chem.  (1894-1901). 
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Elsmbht 

Atomic  Wbioht 

Elbmknt 

Atomic  Wbioht 

Alamininm     .     .    .     . 

27.1 

Neodymium  .... 

143.6 

Antimony  . 

120.0 

Neon    .... 

20.0/ 

Argon    . 

40.0? 

Nickel  .... 

58.7 

Arsenic  . 

75.0 

Nitrogen  .     .     . 

14.04 

Barium  . 

137.4 

Osmium    .     .    . 

m 

191.0 

Bismuth 

208.3 

Oxygen     .    .    . 

16.0 

Boron    . 

11.0 

Palladium      .    . 

106.5 

Bromine 

79.95 

Phosphorus   .    . 

31.0 

Cadmium 

112.35 

Platinum  .     .    , 

195.0 

Caesium. 

132.9 

Potassium     .    . 

39.14 

Calcium 

40.1 

Praseodymium  . 

140.45 

Carbon  . 

IgJ) 

Rhodium  .    . 

103.0 

Cerium  . 

140.0 

Rubidium .     . 

85.4 

Chlorine 

35.45 

Ruthenium    . 

101.7 

Chromium 

52.1 

Samarium 

150.0 

Cobalt    . 

59.0 

Scandium .    . 

44.0 

Columbium 

94.0 

Selenium  .    . 

79.2 

Copper  . 

63.6 

Silicon .     .     . 

28.4 

Erbium  . 

166.0 

Silver   .     .    . 

107.93 

Fluorine 

19.0 

Sodium     .     . 

23.05 

Gallium . 

70.0 

Strontium 

87.68 

Germanium 

72.5 

Sulphur    .     . 

32.06 

Glucinum  , 

9.1 

Tantalum .     . 

183.0 

Gold .    .    . 

197.2 

Tellurium .    . 

127.5 

Helium  .    . 

^iJCv 

Terbium    .     . 

160.0 

Hydrogen  . 

1.01 

Thallium  .     . 

204.1 

Indium  .    . 

114.0 

Thorium   .     . 

233.0 

Iodine    .    . 

126.85 

Thulium    .    . 

170.0  ? 

Iridium  .    . 

193.0 

Thi  .     .     .     . 

119.0 

Iron  .     .    . 

56.0 

Tit^inium  .    .    , 

48.15 

Kiypton 

81.8 

Tungsten  .     .     . 

184.0 

Lanthanum 

138.5 

Uranium  .     •     . 

240.0 

I..ead.    .    . 

206.9 

Vanadium 

51.4 

Lithium 

7.03 

Xenon  .     .     . 

128.0 

Magnesium 

24.35 

Ytterbium     .     . 

173.0 

Manganese 

55.0 

Yttrium     .     .     . 

89.0 

Mercury     .     . 

200.0 

Zinc     .... 

65.4 

Molybdenum  . 

96.0 

Zirconium     .    . 

90.5 
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RELATIONS  BETWEEN  ATOMIC   WEIGHTS  AND 

PROPERTIES 

The  Hypothesis  of  Front.  —  It  was  early  noted  that  if  we  chose 
the  atomic  weight  of  hydrogen  as  one,  the  atomic  weights  of  a  large 
number  of  elements  were  either  whole  numbers  or  very  nearly  whole 
numbers.  The  slight  differences  from  whole  numbers,  which  were 
found  in  several  cases,  were  attributed  for  the  most  paii;  to  experi- 
mental error.  Prout  observed  this  relation  between  the  atomic 
weights,  and  suggested  in  1815  that  the  explanation  of  this  numeri- 
cal regularity  might  be  found  in  the  assumption  that  all  the  ele- 
ments are  simply  condensations  of  hydrogen.  The  atoms  of  the 
different  elements  are  composed  of  hydrogen  atoms,  the  number 
being  expressed  by  the  atomic  weight  of  the  element.  This  as- 
sumption, which  has  come  to  be  known  as  the  hypothesis  of  Prout, 
was  also  made  some  three  years  later  by  Meinecke.^ 

The  hypothesis  of  Prout  was  kindly  received,  especially  by 
Thomson  in  England,  but  was  strongly  opposed  by  the  great 
Swedish  chemist  Berzelius.  The  latter  had  devoted  much  time 
and  labor  to  the  determination  of  atomic  weights,  and  at  this  time 
was  the  leading  authority  on  such  matters.  He  objected  to  the 
method  of  testing  the  hypothesis  by  dropping  the  fractional  part 
of  the  atomic  weight  which  had  been  found  experimentally,  and  of 
course  this  point  was  well  taken.  Gmelin,*  on  the  other  hand,  was 
well  inclined  toward  Prout's  generalization,  and  Dumas  became  a 
warm  supporter  of  it,  after  he  and  Stas  had  redetermined  the  atomic 
weight  of  carbon  and  found  it  to  be  very  nearly  12,  in  terms  of 
hydrogen  as  unity. 

The  element  chlorine  was,  however,  very  troublesome.  The  best 
determinations  showed  that  its  atomic  weight  was  35.5.  This  led 
Marignac  in  1844  to  propose  that  one-half  the  atomic  weight  of 
hydrogen  be  taken  as  the  unit.  This  was  the  beginning  of  the 
downfall  of  Prout's  hypothesis.  Having  once  begun  to  subdivide 
the  atomic  weight  of  hydrogen  to  obtain  the  fundamental  unit, 
there  was  no  limit  to  the  process.  The  next  step  was  taken  by 
Dumas  in  1859,  when  he  suggested  that  one-fourth  the  atomic 
weight  of  hydrogen  be  taken  as  the  unit,  so  as  to  avoid  fractions 
in  the  more  accurately  determined  atomic  weights. 

Stas,  in  1860,  undertook  to  settle  the  question  as  to  the  correct- 

1  Schweigger^s  Journal,  82,  138. 
'  Handbuch  d,  theoret.  Chemit, 
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ness  of  Prout's  original  hypothesis.  He  began  that  series  of  atomic 
weight  determinations  to  which  reference  has  already  been  made, 
and  which  far  exceeded  in  accuracy  anything  done  up  to  that  time. 
The  result  is  well  known.  The  atomic  weights  of  a  number  of  the 
elements  did  not  prove  to  be  whole  numbers,  and  the  differences 
from  whole  numbers  were  far  greater  than  could  reasonably  be 
accounted  for  on  the  basis  of  experimental  error.  Stas  was  thus 
led  to  abandon  the  hypothesis,  as  it  was  not  supported  by  the  facts. 

Attention  was  again  turned  to  Prout's  hypothesis,  in  1880,  by 
Mallet.^  The  result  of  his  investigation  on  the  atomic  weight  of 
aluminium  was  to  add  another  element  to  the  list  of  those  which 
conform  to  the  hypothesis.  He  took  the  view  that  the  deviations 
of  the  best-known  atomic  weights  from  whole  numbers  may  be  due 
to  constant  errors  in  the  determinations,  and  pointed  out  that  ten 
out  of  eighteen  of  the  best-known  atomic  weights  differed  from 
whole  numbers  by  less  than  one-tenth  of  a  unit. 

While  there  is  then  some  difference  in  opinion,  even  at  present,* 
in  reference  to  the  real  merit  of  the  hypothesis  of  Prout,  there  is  a 
strong  tendency  to  reject  it  as  the  ultimate  expression  of  the  truth. 
That  it  is  an  effort  in  the  right  direction  is  certain,  and,  indeed,  this 
will  be  seen  when  we  come  to  consider,  later  in  this  section,  the 
most  recent  theory  of  one  of  the  leading  physicists  of  to-day. 

The  Triads  of  Bobereiner.  —  On  examining  the  atomic  weights 
of  correlated  elements,  Dobereiner^  observed  the  striking  relation, 
that  the  atomic  weight  of  the  middle  member  of  a  group  of  three 
such  elements  was  almost  exactly  the  mean  between  the  atomic 
weights  of  the  first  and  last  members.  This  will  be  seen  from  the 
following  examples :  — 


Atomic 
Wbiobt 

Atomio 
Weight 

Atomic 
Weight 

Calcium     .    . 
Strontium  .     . 
Barium .     .     . 

40.1 

87.7 

137.4 

Chlorine  .     . 
Bromine  .     . 
Iodine .     .     . 

35.4 

80.0 

126.8 

Sulphur    .     . 
Selenium .     . 
Tellurium     . 

32.1 

79.2 

127.5 

The  atomic  weight  of  strontium  is  close  to  the  mean  of  calcium 
and  barium  (88.7) ;  that  of  bromine  is  not  widely  different  from  the 

1  Amer,  Chem.  Journ.  8,  95  (1881). 
«  Strutt:  Phil  Mag.  [6],  1,  311  (1901). 
•  Pogg.  Ann.  15,  301  (1825). 
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mean  of  chlorine  and  iodine  (81.1) ;  wliile  the  atomic  weight  of 
selenium  is  very  close  to  the  mean  of  sulphur  and  teJlurium  (79.8). 
These  correlated  groups  of  three  elements  came  to  be  known  aa 
triads,  and  from  their  discoverer  as  Dobereiner  triads. 

The  Work  of  Caunizzaro  and  of  De  Chancoartois.  —  It  was 
impossible  that  any  comprehensive  generalization  should  be  reached 
connecting  atomic  weights  with  any  property,  until  some  uniform 
system  of  atomic  weights  had  been  adopted.  Confusion  was  reduced 
to  order  in  this  line  by  Cannizzaro,  He  considered  Avogadro's  law 
as  the  basis  of  atomic  weight  determinations,  and  gave  us  the  con- 
ception of  atom  which  still  prevails.  With  these  comparable  atomic 
weights  chemists  could  now  deal,  and  relations  between  those  weights 
and  properties  of  the  elements,  which  have  proved  to  be  of  the 
greatest  service  in  the  development  of  inorganic  chemistry,  were 
soon  pointed  out.  It  is  thought  by  some  that  De  Chancourtois  was 
the  first  to  call  attention  to  relations  which  can  fairly  be  regarded 
as  the  logical  precursors  of  the  periodic  law.  He  suggested' that 
the  atomic  weights  be  arranged  in  a  particular  way  iu  the  form  of  a 
screw,  and  showed  that  relations  existed  between  the  positions  of 
the  elements  and  their  properties.  In  an  obscure  way  he  seems  to 
have  hinted  at  the  fundamental  idea  iinderlying  the  later  discovery, 
that  the  properties  depend  upon  the  atomic  weights,  but  certainly 
this  was  neither  clearly  conceived  nor  tersely  expressed. 

The  Octaves  of  Hewlands.  —  The  question  of  relations  between 
the  atomic  weights  was  taken  up  by  Newlands  shortly  after  the 
work  of  De  Chancourtois.  In  his  earlier  papers '  he  pointed  out 
connections  between  atomic  weights  and  chemical  properties,  but  It 
was  not  until  1864  that  he  announced  any  important  discovery.  In 
a  brief  note  to  the  Chemical  News,^  "  On  Relations  among  the  Equiva- 
lents," he  arranged  the  elements  in  the  order  of  their  equivalents, 
and  stated  that  "it  will  be  observed  that  elements  having  consecu- 
tive numbers  frequently  either  belong  to  the  same  group  or  occupy 
similar  positions  in  different  groups.  .  .  .  The  difference  between 
the  number  of  the  lowest  member  of  a  group  and  that  immediately 
above  it  is  7;  in  other  words,  the  eighth  element  starting  from  a 
given  one  is  a  kind  of  repetition  of  the  first,  like  the  eighth  note  of 
an  octave  in  music."  In  the  following  year  Newlands  announced 
his  " Law  of  Octaves "  in  a  very  brief  note : *  "If  the  elements  are 


1  VU  TellitHqve,  Claxiement  Hatvrtl  det  Corpt  Simpltt,  etc.    Parts, 

»  Chem.  JVewf,  7,  70  (1883);  10,  U,  69  (1804). 

•  Ibid.  10,  M  (1804).  •  tlid.  Ifl,  83  (1805). 
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arranged  in  the  order  of  their  equivalents  with  a  few  slight  trans- 
positionSy  it  will  be  observed  that  elements  belonging  to  the  same 
group  usually  appear  on  the  same  horizontal  line.  It  will  be  seen 
that  the  members  of  analogous  elements  generally  differ  either  by 
7,  or  by  some  multiple  of  7.  In  other  words,  members  of  the 
same  group  stand  to  each  other  in  the  same  relation  as  the  extremi- 
ties of  one  or  more  octaves  in  music."  The  table  given  by  New- 
lands  brings  out  the  relation  to  which  he  refers.  It  is  of  such 
historical  interest  that  it  should  be  given  in  this  connection. 

Newlands'  Table 


H     1 

F       8 

CI     15 

Co  &  Ni  22 

Br            20 

Pd   36 

I 

42 

Pt&Ir 

50 

Li    2 

Na     0 

K     16 

Cu 

23 

Rb            30 

Ag  37 

Cs 

44 

Tl 

53 

G     3 

Mg  10 

Ca    17 

Zn 

26 

Sr             81 

Cd   38 

Ba&y  45 

Pb 

54 

Bo    4 

Al    11 

Cr    10 

Y 

24 

Ce&La  33 

U     40 

Ta 

46 

Th 

56 

C      6 

Si     12 

Ti     18 

Tn 

26 

Zr            82 

Sn    80 

W 

47 

Hg 

52 

N     6 

P     13 

Mn  20 

As 

27 

Di  &  Mo  34 

Sb    41 

Nb 

48 

Bi 

55 

0      7 

S      U 

Fe    21 

Se 

28 

Ro&Ru  35 

Te    43 

Au 

40 

Os 

51 

A  comparison  of  this  table  with  the  periodic  system  proper  will 
show  that  it  contains  more  than  the  germ  of  this  important  general- 
ization. 

The  Periodic  System  of  Mendeldeff  and  Lothar  Meyer.  —  The 
periodic  system  of  the  elements,  as  we  now  have  it,  was  undoubtedly 
discovered  independently,  and  very  nearly  simultaneously,  by  the 
Russian,  Mendel^eff,  and  the  German,  Lothar  Meyer.  The  latter 
published  in  1864  *  a  table  containing  most  of  the  then  known  ele- 
ments, arranged  in  the  order  of  their  atomic  weights.  In  this 
arrangement  elements  which  are  closely  allied  in  their  chemical 
properties  appear  in  the  same  columns,  but  the  system  is  so  incom- 
plete that  it  is  scarcely  an  advance  on  that  of  Newlands. 

The  first  to  point  out  the  most  important  features  in  the  arrange- 
ment of  the  elements  according  to  their  atomic  weights  was 
undoubtedly  Mendel^fiF.  In  1869  *  he  arranged  the  elements  in  a 
table  in  the  order  of  their  atomic  weights,  and  showed  clearly  that 
there  is  a  periodic  recurrence  of  properties  as  the  atomic  weights 
increase.     This  will  be  seen  best  in  the  following  table : '  — 

^  Die  Moderns  Theorien  der  Chemie. 
«  Joum.  Buss.  Chem.  Soc.  60  (1860). 
•  Lieb.  Ann.  Suppl,  8,  133  (1874). 
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Mendeleeff's  Originaii  Table 


s 

Okoup  I 

Group  II 

Gkoup  III 

Gkoup  IV 

Group  V 

Group  VI 

Group  VII 

Group  VIII 

m— 

— ^ 

m— 

RH« 

RH. 

RH, 

RH 

_^ 

RsO 

EO 

R,0, 

KO, 

R«o, 

RO, 

B,Ot 

RO4 

1 

H=l 

2 

Li=7 

Be =9.4 

B=ll 

C=12 

N=14 

0=16 

F=19 

3 

Na»23 

Mg=24 

Al=:27.3 

8i=28 

P=31 

8=32 

01=35.6 

4 

K=39 

Ca»40 

—  =44 

Ti=48 

V=51 

Cr=52 

Mn=55 

Fe=66,Oo= 
69,  Ni  =  69, 
Oa=63 

5 

(Cu=63) 

Zn=65 

—  =68 

—  =72 

A8=75 

Se=78 

Br=80 

6 

Rb=85 

Sr=87 

Y=88 

Zr=90 

Nb=94 

Mo=96 

—  =100 

Ra=104,  Rh 

=104,  Pd= 

106,  Ag=108 

7 

(Ag=108) 

Cd=112 

In=113 

Sn=118 

Sb=122 

Te=125 

1=127 

8 

9 

10 

Cs»133 

(-) 

Ba==137 

Di=138 

Ce=140 

— 

— 

— 

—              — 

^_ 

Er=178 

La=180 

Ta=182 

W=184 

^^ 

Os  =  195,  Ir 

=197,  Pt  = 

198,  Aa=199 

11 

(Aa=199) 

Hg=200 

Tl=204 

Pb=207 

Bi=208 

— 

— 

—              — 

12 

— 

— 

— 

Th=231 

U=240 

— 

—              — 

This  table  contains  all  the  elements  known  at  that  time,  and  the  blank 
spaces  indicate  that  the  elements  which  would  naturally  fall  into 
these  places  were  unknown.  The  general  plan  of  the  Mendel^efF  table 
is  simple.  All  the  elements  ai'e  arranged  in  succession  in  the  order 
of  their  increasing  atomic  weights.  If  we  start  with  the  element  with 
the  smallest  atomic  weight  next  to  hydrogen,  i.e.  lithium,  and  arrange 
the  succeeding  elements  in  the  order  of  their  atomic  weights  up  to 
fluorine,  we  find  that  the  next  element,  sodium,  has  properties  quite 
similar  to  those  of  lithium.  If  we  place  sodium  in  the  same  vertical 
column  with  lithium,  and  then  arrange  the  next  elements  in  the 
order  of  their  atomic  weights,  we  find  that  magnesium  falls  in  the 
same  column  with  beryllium,  aluminium  with  boron,  silicon  with 
carbon,  phosphorus  with  nitrogen,  sulphur  with  oxygen,  and  chlorine 
with  fluorine.  This  is,  of  course,  a  remarkable  relation,  since  in 
every  case  those  elements  which  fall  in  the  same  vertical  column 
resemble  each  other  very  closely.  The  first  seven  elements,  starting 
(not  with  hydrogen,  since  it  does  not  fit  into  this  scheme)  with 
lithium,  and  ending  with  fluorine,  agree  very  closely  in  properties 
with  the  second  set  of  seven  elements  arranged  as  in  the  above  table. 
We  come  now  to  the  first  member  of  the  next  series  of  seven  ele- 
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ments,  —  potassium ;  it  falls  right  into  the  group  with  lithium  and 
sodium,  calcium  with  beryllium  and  magnesium,  titanium  with 
carbon  and  silicon,  vanadium  with  nitrogen  and  phosphorus,  chro- 
mium with  oxygen  and  sulphur,  and  manganese  with  fluorine  and 
chlorine.  Here  again  striking  analogies  appear  between  the  different 
members  in  the  same  groups.  The  blank  space  between  calcium 
and  titanium  contained  no  known  element  when  this  table  was 
prepared.  The  element  has  since  been  discovered,  and  has  peculiar 
interest  in  connection  with  this  whole  system ;  to  this  reference  will 
again  be  made.  After  we  leave  manganese  we  encounter  one  of  the 
weakest  points  of  the  Periodic  Law.  The  next  elements  in  order 
of  atomic  weights  are  iron,  cobalt,  and  nickel ;  but  it  is  obvious  that 
neither  of  these  can  be  placed  in  the  same  group  with  the  alkali 
metals.  They  must  therefore  be  set  aside  and  left  out  of  the  system. 
Then  we  come  to  copper,  which  is  very  questionably  placed  with  the 
members  of  group  I.  Then  irregularities  appear  again.  At  the  end 
of  the  sixth  series  we  find  three  or  four  more  elements  which  do  not 
fit  into  the  scheme,  but  after  leaving  these,  regularities  again  begin 
to  manifest  themselves. 

A  more  detailed  accoimt  of  the  relations  between  properties  and 
atomic  weights  will  be  taken  up  a  little  later.  The  above  suffices  to 
show  the  general  relation,  and  also  the  periodic  recurrence  of  proper- 
ties with  increase  in  the  atomic  weights. 

The  same  general  relations  as  those  pointed  out  by  Mendel^eff 
were  undoubtedly  discovered  independently  by  Lothar  Meyer,*  and 
published  the  following  year  (1870).  His  table  is  almost  exactly 
the  same  as  that  of  Mendel^eff,  and  he  recognized  clearly  the  periodic 
recurrence  of  properties.  To  quote  his  own  words,*  "We  see  from 
the  table  that  the  properties  of  the  elements  are,  for  the  most  part, 
periodic  functions  of  the  atomic  weights." 

Meyer  has  since  changed  the  form  of  this  table,  arranging  it  as  a 
spiral.  "If  we  regard  this  table  as  wrapped  around  an  upright 
cylinder  so  that  the  right  and  left  sides  touch ;  therefore,  nickel  next 
to  copper,  palladium  to  silver,  and  platinum  to  gold,  we  obtain,  as  is 
easily  seen,  a  continuous  series  of  all  the  elements  in  the  order  of 
their  atomic  weights,  arranged  in  the  form  of  a  spiral.  The  elements 
which,  in  this  arrangement,  fall  into  the  same  vertical  column,  form 
a  natural  family,  the  members  of  which,  however,  bear  a  very  unequal 
resemblance  to  one  another."  This  spiral  arrangement  of  the  ele- 
ments is  shown  in  the  following  table :  — 

1  Lieb.  Ann.  Suppl.  7,  364  (1870).  » Ibid.,  p.  858. 
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Meyer's  Table  (using  the  present  atomic  weights) 


Li 
7.03 


Na 
28.05 


K 
89.14 


Cu 
G3.6 


Rb 
85.4 


Ag 
107.93 


Cs 
182.9 


Au 
197.2 


II 


Be 
9.1 


Mg 
24.85 


Ca 
40.1 


Zn 
65.4 


Sr 
87.68 


Cd 
112.85 


Ba 
187.4 


Hg 
200.0 


III 


B 

11.0 


Al 
27.1 


Sc 
44.0 


Ga 
70.0 


Y 

89.0 


In 
114.0 


La 
138.5 


Yb 
173.0 


Tl 
204.1 


IV 


C 

12.0 


Si 

28.4 


Ti 
48.15 


Ge 
72.5 


Zr 

90.5 


Sn 
119.0 


Ce 
140.0 


Pb 
206.9 


Th 
233.0 


N 
14.04 


P 
31.0 


V 
51.4 


As 
75.0 


Nb 
93.7 


Sb 
120.0 


Ta 
183 


Bi 
208.8 


VI 


O 
16.0 


S 
32.06 


Cr 
52.1 


Se 
79.2 


Mo 
96.0 


Te 
127.5 


W 
184.0 


U 
240.0 


VII 


F 
19.0 


01 
35.45 


Mn 
55.0 


Br 
79.95 


I 

126.85 


Fe 
56.0 


Ru 
101.7 


Os 
191.1 


VUI 


Co 
59.0 


Rh 
103.0 


Ir 
193.0 


Ni 
58.7 


Pd 
106.5 


Pt 
195.0 


This  table  brings  out  more  clearly  than  that  of  Mendel^ff  the 
idea  of  a  continuous  arrangement  of  all  the  elements  in  the  order  of 
their  atomic  weights.  And  it  is  equally  successful  in  showing  the 
periodic  nature  of  the  properties  of  the  elements.  The  blank  spaces 
are  for  unknown  elements.  Meyer  calculated  the  probable  atomic 
weights  of  these  elements,  but  these  values  being  for  the  most  part 
unverified,  are  omitted. 


Chemical  Properties  and  Atomic  Weights.    Combining  Power. 

If  we  start  with  lithium  in  Mendel^efiTs  table  and  proceed  to  the 
right  along  the  second  series,  this  striking  fact  is  observed:  the 
elements  increase  in  their  power  to  combine  with  oxygen  regularly 
from  left  to  right    Take  first  the  power  of  the  elements  to  combine 
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with  oxygen.  Lithium  forms  the  compound  Li^O,  beryllium  BeO, 
aluminium  AljOa,  carbon  CO2,  nitrogen  N2O5;  oxygen  and  fluorine 
may  be  disregarded  for  the  moment.  Take  the  third  series.  Sodium 
forms  the  compound- NajO,  magnesium  MgO,  aluminium  AI2O3,  silicon 
SiO^  phosphorus  PjOs,  sulphur  SOj,  and  chlorine  CI2O7.  The  fourth 
and  fifth  series  show  the  same  regularities,  and  similar  relations  are 
observed  throughout  the  table.  The  best  example  of  an  element 
octavalent  toward  oxygen  is  osmium,  which  forms  the  compound 
OSO4.  We  have,  then,  NajO,  MgO,  AljOj,  SiOj,  PjO,,  SOa,  CljOy, 
OSO4. 

We  may  say  in  general  that  the  power  of  the  elements  to  combine 
with  oxygen  is  smallest  in  group  I,  and  increases  regularly  by  unity 
in  each  succeeding  group;  reaching  a  maximum  in  group  VIII,  where, 
at  least  in  the  case  of  osmium,  it  is  eight. 

Results  of  a  similar  character  are  obtained  if  we  study  the  power 
of  the  elements  to  combine  with  chlorine.  Sodium  combines  with  one 
chlorine  atom,  magnesium  with  two,  aluminium  with  three,  silicon 
with  four,  phosphorus  with  five.  Sulphur  does  not  combine  directly 
with  six  chlorine  atoms,  but  combines  with  both  oxygen  and  chlo- 
rine, forming  the  compound  SO2CI2,  in  which  the  sulphur  has  a 
valence  of  four  towards  the  oxygen,  and  of  two  towards  the  chlorine, 
or  of  six  in  all.  But  there  is  a  member  of  group  VI  which  combines 
directly  with  six  chlorine  atoms.  This  is  tungsten,  in  the  tenth 
series.  We  would  express  the  combining  power  of  the  elements 
toward  chlorine  as  follows:  — 

NaCl,    Mga^,    AlCl,,    SiCl^,    PCI5,    SOaCljr. 

(WCle) 

Exactly  the  same  regularity  which  was  observed  in  the  case  of 
oxygen  exists  here.  The  elements  in  group  I  have  the  smallest  power 
of  combining  with  chlorine,  and  this  increases  by  unity  from  ^oup 
to  group  as  we  pass  from  left  to  right;  reaching  a  maximum  of  six 
in  the  sixth  group.  We  know  of  no  element  which  has  the  power 
of  combining  directly  with  more  than  six  atoms  of  chlorine. 

When  we  examine  the  power  of  the  elements  to  combine  with 
hydrogen,  a  regularity  is  observed,  but  of  a  different  kind  from  those 
already  considered.  The  elements  in  groups  I,  II,  and  III  in  general 
do  not  combine  directly  with  hydrogen  to  form  stable  compounds, 
although  hydrides  of  some  of  these  elements  are  known.  When  we 
come  to  group  IV,  we  find  in  carbon  a  remarkable  power  to  combine 
with  hydrogen.  The  highest  valence  of  the  elements  toward  hydro- 
gen is  manifested  in  this  group,  where  one  atom  of  the  element  com- 
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bines  directly  with  four  atoms  of  hydrogen.  As  we  pass  to  the 
right  the  power  of  the  elements  to  combine  with  hydrogen  deoreaaes, 
and  decreases  regularly.  Nitrogen  combines  with  three  atoms  of 
hydrogen,  oxygen  with  two,  and  fluoriue  with  one.  Starting  with 
group  IV,  we  have :  — 

CH„     Nlfa,    Oils     FH. 

The  valence  toward  hydrogen  manifests  itself  to  a  maximum 
degree  in  group  IV,  and  diminishes  regularly  as  the  valence  toward 
oxygen  increases. 

The  relations  pointed  ont  between  the  combining  power  of  the 
elements  are  general,  extending  throughont  the  entire  table  of  the 
elements.  It  should,  however,  be  stated  here  that  there  are  many 
breaks  in  the  system,  irregularities  appearing  on  every  hand.  Some 
of  these  defects  will  be  pointed  out  in  a  later  paragraph. 


Relaliu 


I  Kitliin  the  Groups 


In  the  table  of  Mendel^efE  the  members  of  the  even  series  are 
placed  above  one  another,  and,  similarly,  the  members  of  the  odd 
series.  Each  group  is  thus  divided  into  two  columns,  whose  meaning 
at  first  sight  is  not  ao  apparent  If  the  members  of  these  two  col- 
umns in  any  group  be  compared,  it  will  be  found  that  those  elements 
which  fall  in  the  same  column  are  more  closely  allied  in  their  general 
properties  than  the  elements  in  different  colum^^  the  same  group. 
Thus,  lithium,  potassium,  rubidium,  and  calcium  resemble  each  other  C? 
chemically  more  closely  than  they  resemble  sodidm,  copper,  silver, 
and  gold.  This  is  more  strikingly  shown  by  the  second  group,  where 
beryllium,  calcium,  strontium,  and  barium  fall  in  one  column,  and 
magnesium,  zinc,  cadmium,  and  mercury  in  the  other.  The  chemi- 
cal relation  between  the  individuals  in  a  given  column  is  very  close 
in  this  group,  while  it  is  not  so  striking  between  the  members  of 
the  different  columns.  Thus,  calcium  is  much  more  closely  related 
to  strontium  and  barium  than  it  is  to  zinc  or  mercury;  and,  similarly, 
cadmium  is  much  more  closely  allied  to  zinc  and  mercury  than  it  is 
to  the  calcium  group. 

Passing  to  the  last  group,  chlorine,  bromine,  and  iodine  fall  in 
the  same  column,  and  are  very  similar  in  their  chemical  behavior, 
while  their  relation  to  manganese  is  at  first  sight  not  very  close. 
These  facts,  while  purely  empirical,  are  of  profound  interest,  and 
give  to  the  Periodic  Law  a  deep  significance.  It  is  certainly  true 
that  the  members  of  even  series  are  more  closely  related  to  one 
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another  than  they  are  to  members  of  odd  series,  and  the  same 
obtains  for  the  relations  between  the  odd  series.  We  seem  to  have 
here  not  only  a  Periodic  System  of  the  elements,  but  one  such  system 
within  another. 

Basic  and  Acid  Properties 

At  least  one  other  relation  between  the  chemical  properties  of 
the  elements  and  their  atomic  weights  must  be  pointed  out.  In  any 
given  series  the  element  with  the  lowest  atomic  weight  has  the 
smallest  power  to  combine  with  oxygen,  as  has  already  been  stated. 
It  has  also  the  strongest  basic  character.  Thus,  lithium  is  more 
basic  than  beryllium,  which,  in  turn,  is  far  more  basic  than  boron. 
Sodium  is  more  basic  than  magnesium,  while  aluminium  begins  to 
show  acid  properties  in  its  hydroxide.  Potassium  is  far  more  basic 
than  calcium,  rubidium  than  strontium,  caesium  than  barium. 
The  difference  between  copper  and  zinc,  and  silver  and  cadmium, 
is  not  so  striking.  As  we  find  the  most  basic  elements  in  the  first 
group,  we  would  expect  to  find  the  most  acid  in  the  last,  and  such  is 
the  case.  Through  the  middle  groups  we  find  elements  which  show, 
now  more,  now  less  basic  or  acid  properties,  depending  upon  condi- 
tions ;  but  in  the  last  column  of  the  last  well-defined  group  we  have 
elements  which  manifest  only  acid-forming  properties.  The  hydro- 
gen and  hydroxyl  compounds  of  the  halogens  are  always  acids,  and 
always  react  as  such  with  all  other  substances.  These  facts  are  very 
surprising.  As  we  pass  upward  in  the  table  of  atomic  weights,  say 
from  oxygen,  the  first  element  we  encounter  is  fluorine,  with  very 
pronounced  acid-forming  properties.  The  element  with  the  next 
higher  atomic  weight  is  sodium,  which  is  one  of  the  strongest  base- 
forming  elements.  Similarly,  next  to  sulphur  comes  chlorine,  which 
has  much  stronger  acid-forming  properties  than  sulphur,  but  next 
to  chlorine  comes  potassium,  which  is  one  of  the  most  strongly  basic 
elements.  In  the  same  way  bromine  is  followed  by  rubidium,  and 
iodine  by  caesium,  where  the  contrast  in  properties  is  quite  as  great 
as  in  the  cases  referred  to  above. 

Many  other  relations*  between  chemical  properties  and  atomic 
weights  have  been  pointed  out,  but  those  already  considered  are 
among  the  most  important. 

Physical  Properties  and  Atomic  Weights.  —  The  relations  between 
many  of  the  physical  properties  of  the  elements  and  their  atomic 

*  Lieb,  Ann,  Suppl  8,  133-229  (1872).  Mendel^eff,  Principles  of  Chem," 
istrjfj  II. 
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weights  are  striking.     A  number  of  these  have  been  pointed  out  by 
Lothar  Meyer.^ 

Atomic  Voluines.  —  The  atomic  volume  of  an  element  is  the  atomic 
weight  divided  by  the  specific  gravity  or  density  of  the  element  in 
the  solid  form.  In  this  connection  the  atomic  weight  of  hydrogen  is 
taken  as  the  unit,  and  the  specific  gravity  of  water  as  the  unit  of 
density.  Take  the  first  element  in  the  periodic  system  which  exists 
normally  in  the  solid  state,  —  lithium.     Its  atomic  weight  is  7,  its 

•7 

density  0.059.     The  atomic  volume  of  lithium  =  =  11.9. 

u.v/t>y 

Meyer*  plotted  the  curve  showing  the  change  in  the  atomic 
volume  with  increase  in  atomic  weight,  and  found  that  it  had  re- 
markable properties.  The  curve  is  shown  in  Fig.  1.  The  abscissas 
are  atomic  weights,  and  the  ordinates  atomic  volumes. 

In  some  cases  the  specific  gravity  of  the  element  in  the  solid  form 
could  not  be  determined ;  as  with  hydrogen,  oxygen,  nitrogen,  fluo- 
rine, etc.  In  the  places  corresponding  to  these  elements  the  curve 
is  a  dotted  line. 

We  see  at  once  from  the  curve  that  the  atomic  volume  is  a  peri- 
odic function  of  the  atomic  weight.  As  the  atomic  weight  increases, 
the  atomic  volume  decreases  and  increases  regularly.  The  curve 
presents  five  maxima,  at  which  we  find  the  five  alkali  metals, — 
lithium,  sodium,  potassium,  rubidium,  and  caesium.  At  the  minima 
fall  those  elements  whose  atomic  weights  are  approximately  the 
mean  between  the  atomic  weights  of  the  element  at  the  preceding 
and  succeeding  maxima.  In  fact,  at  the  third,  fourth,  and  fifth 
minima  we  find  the  elements  which  do  not  fit  into  MendeleefPs 
table,  and  are  placed  by  themselves  in  group  VIII.  We  see  also 
in  this  curve  the  distinction  between  the  short  and  long  periods  of 
Mendel^effs  table.  The  first  loop  of  the  curve  contains  the  first 
short  period,  or  the  elements  from  lithium  to  fluorine ;  the  double 
loop  from  sodium  to  nickel  the  first  long  period,  and  so  on.  It 
sometimes  occurs  that  elements  with  similar  chemical  properties* 
have  very  nearly  the  same  atomic  volumes,  as  with  chlorine,  bro- 
mine, and  iodine. 

It  is  quite  remarkable  that  for  elements  with  very  nearly  the 
same  atomic  volumes,  the  properties  are  markedly  different,  depend- 
ing upon  whether  the  element  is  on  an  ascending  or  a  descending  arm 
of  the  curve ;  and,  therefore,  upon  whether  the  element  with  the  next 
higher  atomic  weight  has  a  larger  or  smaller  atomic  volume  than  its 

^  Die  Modeme  Theorfen  der  Chemie. 
*  Lieb.  Ann.  Suppl.  7,  354  (1870). 
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own ;  e.g.  phosphorus  and  magnesium,  chlorine  and  calcium.  If  we 
follow  the  curve  from  its  origin,  we  find  the  most  strongly  base-form- 
ing elements  at  the  maxima,  and  the  remainder  on  the  descending 
arms  of  the  curve.  The  acid-forming  elements  are  ou  the  ascendiug 
arms  of  the  curve.  Relations  between  a  number  of  physical  proper- 
ties and  atomic  volumes  have  been  pointed  out.'  These  include  re- 
fraction of  light,  specific  heat,  power  to  conduct  heat  and  electricity, 
magnetic  properties,  etc.  But  the  most  interesting  and  closest  relar 
tions  have  been  discovered  between  fusibility  and  atomic  volumes, 

Faiibility  and  Volatility.  —  Some  striking  connections  between 
the  melting-points  of  elements  and  their  atomic  vohimes  have  beea 
brought  to  light.  This  can  best  be  seen  by  plotting  the  curve  of 
melting-points  and  atomic  weights,  and  comparing  it  with  the  curve 
■  for  atomic  volumes.  The  abscissas  are  atomic  weights,  the  ordinatea 
melting-points  of  the  elements.  When  the  latter  are  not  known,  the 
curve  apnears  as  a  dotted  line  {Fig.  2). 

There  is  a  general  resemblance  between  this  curve  and  the  curve 
of  atomic  volumes.  As  the  atomic  weight  increases,  the  melting' 
point  increases  and  decreases  with  more  or  less  regularity.  Tho 
curve,  therefore,  contains  maxima  and  minima  like  the  curve  of 
atomic  volumes.  The  maxima  and  minima  of  the  two  curves,  how" 
ever,  do  not  coincide ;  i.e.  the  elements  with  the  largest  and  smallest 
atomic  volumes  do  not  melt,  respectively,  at  the  highest  and  lowest 
points.  The  following  relations  between  atomic  volumes  and  fusi' 
bility  have  been  pointed  out  by  Meyer.'  Elements  which  are  volatile 
at  ordinary  temperatures  or  are  easily  fusible  occur  on  the  rising 
arms  of  the  atomic  volume  curve,  or  at  the  maxima  of  this  curve; 
while  the  difficultly  fusible  elements  lie  on  the  descending  arms  of 
the  volume  curve,  or  at  the  minima.  The  two  curves  are  thus 
approximately  complementary,  the  maxima  of  one  corresponding 
roughly  to  the  minima  of  the  other.  The  melting-point  curve  is, 
then,  as  strictly  periodic  as  the  volume  curve,  but  within  any  group 
the  melting-point  generally  increases  with  the  atomic  weight,  while 
the  atomic  volume  decreases.  The  boiling-points  show  the  same 
general  variations  as  the  melting-points.  Every  element  with  & 
larger  atomic  volume  than  the  element  with  the  next  smaller  atomic 
weight  is  easily  fusible  and  volatile.     The  converse  is  also  true. 

Solntion  and  Siffniion  of  Ketala  in  Kercnry. —  Humphreys*  has 
studied  the  rate  at  which  metals  dissolve  and  diffuse  in  mercury  by 
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placing  a  piece  of  the  metal  on  the  top  of  a  column  of  mercury  in  a 
glass  tube.  The  metals  chosen  were  those  wliich  would  amalgamate 
most  easily.  These,  as  will  be  seen,  belong  to  the  uneven  series  in 
MendeleefTs  table.  For  metals  in  the  same  group  the  rate  of  solu- 
tion and  diffusion  increases  with  increase  in  atomic  weight.     Copper 

Ly  than  silver,  and  silver  less  than 


Vsp 


composition  InA-  This  was  confirmed  by  Bunsen »  from  specific 
heat  determinations.  The  atomic  weight  of  beryllium  was  thought 
to  be  4.54,  or  4.54  x  2  =  9.08,  or  4.54  x  3  =  13.62.     The  chemical 
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placing  a  piece  of  the  metal  on  the  top  of  a  column  of  mercury  in  a 
glass  tube.  The  metals  chosen  were  those  which  would  amalgamate 
most  easily.  These,  as  will  be  seen,  belong  to  the  uneven  series  in 
Mendel^fTs  table.  For  metals  in  the  same  group  the  rate  of  solu- 
tion and  diffusion  increases  with  increase  in  atomic  weight.  Copper 
dissolves  and  diffuses  less  rapidly  than  silver,  and  silver  less  than 
gold.  The  order  in  group  II  is  Mg,  Zn,  Cd,  Hg ;  in  group  III,  Al, 
In,  Tl ;  in  group  IV,  Sn,  Pb ;  in  group  V,  As,  Sb,  Bi.  In  the  dif- 
ferent series  the  solution  and  diffusion  are  greater  the  nearer  the 
metal  stands  to  mercury.  The  metals  of  the  mercury  group,  in  gen- 
eral, diffuse  most  rapidly.  The  farther  the  element  is  removed  from 
mercury,  the  less  the  solution  and  diffusion.  These  relations  are 
clearly  shown  in  the  following  table.  The  arrows  point  in  the  direc- 
tion of  increase  in  solubility  and  diffusion. 
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Old  Atomic  Weights  corrected  and  ITew  Elements  predicted  by 
Means  of  the  Periodic  System.  —  A  scientific  theory  to  be  of  the  high- 
est value  must  not  simply  be  able  to  account  for  all  the  facts  known, 
but  must  suggest  new  possibilities  which  were  not  realized  when  the 
theory  was  first  announced.  The  Periodic  Law  has  fulfilled  the  lat- 
ter condition  in  a  beautiful  way.  By  means  of  it  a  number  of 
erroneous  atomic  weights  were  corrected.  The  atomic  weight  of 
indium  was  supposed  to  be  75.G,  and  the  composition  of  the  oxide, 
InO.  This  would  place  it  in  the  Periodic  System  between  arsenic  and 
selenium.  The  chemical  properties  and  atomic  volume  showed  that 
it  belonged  rather  between  cadmium  and  tin.  Meyer'  gave  it  the 
atomic  weight  113.4  (75.6  x  1^^),  and  regarded  the  oxide  as  having  the 
composition  InjOj.  This  was  confirmed  by  Bunsen^  from  specific 
heat  determinations.  The  atomic  weight  of  beryllium  was  thought 
to  be  4.54,  or  4.54  x  2  =  9.08,  or  4.54  x  3  =  13.62.     The  chemical 


1  Lieh.  Ann.  Suppl  7,  362  (1870). 
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and  physical  nature  of  the  element  showed  that  it  must  come  be- 
tween lithium  and  boron,  and,  indeed,  be  the  head  of  the  magnesium- 
calcium  group.  The  true  atomic  weight  was  subsequently  shown  to 
be  9.08.  Similarly,  uranium  was  supposed  to  have  the  atomic  weight 
60, 120,  or  180,  and  it  was  difficult  to  decide  between  these  values. 
But  it  was  more  probably  240  in  terms  of  the  Periodic  System ;  and 
this  conjecture  has  also  been  verified.  It  should  be  observed  that  in 
these  cases  the  vapor-density  method  of  determining  the  number  of 
atoms  in  the  molecule  could  not  be  employed. 

The  Periodic  System  has  been  used  not  simply  to  decide  between 
an  atomic  weight  and  a  multiple  of  this  quantity,  but  to  actually 
correct  atomic  weights  imperfectly  determined.  Bunsen  found  the 
atomic  weight  of  caesium  to  be  123.4.  This  value  was  smaller  than 
would  be  expected  from  the  Periodic  System.  The  correct  atomic 
weight  of  caesium  was  found  later  ^  to  be  132.7,  which  is  in  perfect 
accord  with  the  system.  More  recent  work  in  connection  with 
osmium,  iridium,  platinum,  and  gold  make  it  very  probable  that 
the  order  for  these  four  elements  suggested  by  the  system  is  the 
correct  one,  and  that  the  earlier  determinations  of  atomic  weights 
contain  considerable  error. 

The  prediction  of  the  existence  of  unknown  elements  and  the 
nature  of  their  properties  has  been  so  beautifully  verified  in  a  num- 
ber of  cases  that  this  has  become  the  most  striking  application  of 
the  Periodic  Law.  Mendel^eff  *  recognized  that  the  atomic  weight 
and  other  properties  of  an  element  can  be  determined  from  the 
properties  of  the  two  neighboring  elements  in  the  same  series  and 
the  two  neighboring  elements  in  the  same  half  of  the  same  group. 
The  properties  are  as  a  rule  the  mean  of  those  of  the  four  elements. 
These  four  elements  were  termed  by  Mendel^eff  the  Atomic  Analogues 
of  the  element  in  question.  This  will  be  clear  from  the  following 
example :  —  q^ 

40 


Rb 
85 


Ba 

137 
1  Bonsen:  Pogg,  Ann.  119,  1  (1863).        *  Lieb.  Ann.  Suppl  a,  165  (1872). 
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The  atomic  weight  of  strontium  is  the  mean  of  the  atomic  weights 
of  its  four  analogues,  and  the  same  holds  in  general  for  the  other 
properties. 

On  the  basis  of  this  fact  Mendel^ff  ^  predicted  the  existence  and 
properties  of  a  number  of  elements  which  had  not  been  discovered 
when  the  Periodic  Law  was  announced.  The  element  predicted  was 
named  from  the  element  in  the  same  group  which  immediately  pre- 
cedes it,  adding  the  prefix  "  eka."  In  the  third  group  the  element 
immediately  following  boron  was  unknown,  and  was  termed  eka- 
boron.  Since  it  followed  calcium  with  an  atomic  weight  of  40,  and 
preceded  titanium  whose  atomic  weight  is  48,  its  atomic  weight 
must  be  44.  The  oxide  must  have  the  composition  EbjOg  and  have 
the  same  relation  to  aluminium  oxide  as  calcium  oxide  does  to 
magnesium  oxide.  The  sulphate  must  be  less  soluble  than  alumin- 
ium sulphate,  just  as  calcium  sulphate  is  less  soluble  than  magnesium 
sulphate.  The  carbonate  would  be  insoluble  in  water.  The  salts 
would  be  colorless  and  form  gelatinous  precipitates  with  potassium 
hydroxide  and  carbonate,  and  disodium  phosphate.  The  sulphate 
would  yield  a  double  salt  with  potassium  sulphate.  Few  of  the  salts 
would  be  well  crystallized.  The  chloride  would  probably  be  less 
volatile  than  aluminium  chloride,  since  titanium  chloride  boils  higher 
than  silicon  chloride,  and  calcium  chloride  is  less  volatile  than 
magnesium  chloride.  The  chloride  would  be  a  solid,  its  volume 
about  78,  and  its  density  about  2.  The  specific  gravity  of  the  oxide 
would  be  about  3.5,  and  its  volume  about  39.  Ekaboron  would  be  a 
light,  non-volatile,  difficultly  fusible  metal,  which  will  decompose 
water  only  on  warming ;  would  dissolve  in  acids  with  evolution  of 
hydrogen,  and  would  have  a  specific  gravity  of  about  3. 

In  a  similar  manner  Mendel^eff  predicted  the  existence  and  prop- 
erties of  an  element  between  aluminium  and  indium,  terming  it 
ekaaluminium.    The  atomic  weight  would  be  approximately  68. 

Again,  an  element  should  exist  between  silicon  and  tin,  and  this 
was  termed  ekasiliciumy  with  an  atomic  weight  of  72. 

The  properties  of  the  last  two  elements  and  their  compounds  are 
described  in  considerable  detail  from  the  properties  of  their  atomic 
analogues,  but  for  these  the  original  paper '  must  be  consulted. 

These  elements  have  now  all  been  discovered.  The  element 
described  by  Nilson*  as  scandium,  proved  to  be  ekaboron,  having 
an  atomic  weight  of  44.     Gallium,  discovered  by  Lecoq  de  Boisbau- 

1  Lieh.  Ann.  Suppl  8,  196  (1872).  «  Loc,  cU. 

»  Ber.  d.  chem.  Gesell.  12,  654  (1879). 
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(Iran,'  was  the  predicted  ekaalu  mini  urn,  with  an  atomic  weight  of  70. 
And  germanium,  discovered  by  Winkler,'  proved  to  be  the  ekasilicon, 
having  an  atomic  weight  of  72.  The  properties  of  these  elements 
and  their  compounds  corresponded  about  as  closely  with  the  properties 
predicted  for  them  as  the  atomic  weights, 

Imperfeotions  in  the  Periodic  System.  —  While  admiring  the  many 
deep-seated  relations  which  are  brought  out  by  the  Periodic  System, 
we  must  not  fail  to  observe  that  it  is  far  from  complete.  At  the 
very  outset  there  is  evidence  of  this  incompleteness  —  hydrogen 
does  not  fit  at  all  into  the  scheme,  and  yet  it  is  one  of  the  most  im- 
portant elements.  In  the  very  first  group  of  the  elements,  again, 
there  is  apparent  inconsistency.  Along  with  lithium,  potassium, 
rubidium,  and  cEesium,  we  find  eopjier,  silver,  and  gold.  There  is 
evidently  no  very  close  connection  between  the  last  three  elements 
and  the  first  four.  Further,  sodium  does  not  fall  into  the  same  divi- 
sion of  the  group  with  the  other  strongly  alkaline  metals,  but  with 
copper,  silver,  and  gold.  It  is  at  once  apparent  that  sodium  ia  not 
as  closely  allied  to  these  elements  as  to  the  alkali  metals  which  con- 
stitute the  other  division  of  group  I. 

Passing  over  the  intermediate  groups,  which  contain  a  number  of 
more  or  less  serious  inconsistencies,  we  find  in  group  VII  manganese 
placed  with  the  halogens  and  not  falling  into  the  same  group  either 
with  chromium  or  with  iron.  The  relations  of  manganese  to  the 
halogens  are  not  more  striking  than  the  differences,  and  we  do  not 
find  manganese  falling  into  the  same  division  of  the  group  with 
chlorine,  bromine,  and  iodine,  but  with  fluorine,  to  which  it  bears  a 
much  less  close  resemblance  than  to  the  remaining  halogens. 

When  we  come  to  group  VIII,  we  find  nothing  but  discrepancies. 
These  elements  do  not  fit  into  the  system  at  all,  and  are  placed  by 
themselves  as  a  separate  group.  It  is  questionable  whether  it  is 
desirable  to  call  this  group  VIU,  since  it  is  in  no  chemical  or  physi- 
cal sense  a  true  extension  of  the  system  one  step  beyond  group  VII. 
Take  as  an  example  the  power  of  the  elements  to  combine  vrith 
oxygen.  There  is  a  regular  increase  in  this  power  from  unity  in 
group  I,  through  the  several  groups  up  to  group  VII, — where  we 
find  the  compounds  CljO?,  Br307,  I1O7,  — fluorine  not  combining 
at  all  with  oxygen.  Of  all  the  elements  in  the  so-called  group 
VIU,  there  is  only  one,  osmium,  which  has  a  valence  of  eight 


'  Compl.  rrnd.  tl,  49a.  1100;  BS,  108,  1036,  1008  ;  88.811,630,863,824, 
1044  :  Be.  Ml,  1240  (1876-1878). 

»  Ber.  d.  cAw.  (?«««.  19.  210  (1880)  ;  Journ.  prakt.  Chem.  [2],  34.  177 
(IBBO)  ;  8«,  177  (1887). 
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toward  oxygen.  The  remainder  all  show  a  lower  valence  toward 
this  element. 

It  seems  better  to  recognize  these  elements  as  distinct  exceptions, 
which  do  not  fit  into  the  Periodic  System  at  all  satisfactorily ;  yet 
even  here  we  must  recognize  a  certain  periodicity  in  the  recurrence 
of  these  exceptions,  and  that  they  occur  in  every  case  in  groups  of 
three.  The  Periodic  System  seemed  to  be  hard  pressed  for  a  time  to 
find  a  place  for  some  of  the  elements  described  by  Ramsay  as  occur- 
ring in  the  atmospheric  air.  Quite  recently,  however,  Ramsay  has 
shown  that  these  elements  have  a  place  in  the  Periodic  System. 
These  apparent  discrepancies  in  the  Periodic  System  have  not  been 
pointed  out  with  the  desire  to  undervalue  the  merits  of  this  impor- 
tant generalization,  but  simply  to  arrest  attention  to  the  fact  that 
the  system  is  still  far  from  complete.  What  has  already  been  ac- 
complished is  of  tremendous  importance,  as  is  shown  by  the  single 
fact  that  we  can  correct  atomic  weights  and  predict  the  properties 
of  elements  entirely  unknown.  Indeed,  we  can  do  more ;  we  can  pre- 
dict with  what  elements  the  unknown  element  in  question  would 
form  compounds,  the  composition  of  these  compounds,  and  even  the 
color  and  other  physical  properties  possessed  by  them. 

We  shall  probably  never  have  a  complete  and  perfect  Periodic 
System  of  the  elements  until  our  knowledge  of  these  substances  and 
their  compounds  is  far  deeper  than  at  present.  If  the  system  was 
perfect  and  complete,  it  is  more  than  probable  that  it  would  lose 
some  of  the  interest  which  it  now  possesses;  since  it  would  then 
offer  far  less  incentive  to  investigation,  which  is  one  of  the  best  tests 
of  the  scientific  value  of  any  theory  or  generalization. 

Thomson's  Theory  of  the  Belation  between  the  Elements.  —  The 
hypothesis  of  Prout  that  the  atoms  of  the  different  elements  are 
aggregations  of  hydrogen  atoms  was  shown  at  the  beginning  of  this 
section  to  be  untenable.  J.  J.  Thomson,^  from  a  study  of  the  passage 
of  cathode  rays  through  gases,  has  recently  been  led  to  a  theory  as 
to  the  composition  of  the  atoms  of  elementary  substances,  which  in 
a  way  is  analogous  to  the  hypothesis  of  Prout,  but  which  differs  very 
materially  from  it.  Says  Thomson,*  "  As  the  cathode  rays  carry  a 
charge  of  negative  electricity,  are  deflected  by  an  electrostatic  force 
as  if  they  were  negatively  electrified,  and  are  acted  on  by  a  magnetic 
forc^  in  just  the  way  in  which  this  force  would  act  on  a  negatively 
electrified  body  moving  along  the  path  of  these  rays,  I  can  see  no 
escape  from  the  conclusion  that  they  are  charges  of  negative  elec- 

»  PML  Mag.  44,  293  (1897).  « Ibid.,  p.  302. 
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tricity  carried  by  particles  of  matter.  The  question  next  arises. 
What  are  these  particles  ?  are  they  atoms,  or  molecules,  or  matter  in 
a  still  finer  state  of  subdivision?  To  throw  some  light  on  this 
point,  I  have  made  a  series  of  measurements  of  the  ratio  of  the  mass 
of  these  particles  to  the  charge  carried  by  it." 

If  we  represent  the  mass  of  each  of  the  particles  by  m,  and  the 
charge  carried  by  the  particles  by  e,  two  important  facts  were  dis- 

71ft 

covered  in  connection  with  the  values  of  — • 

e 

1st.   The  value  of  —  is  independent  of  the  nature  of  the  gas. 

e 

2d.  It  is  very  small  (10~^)  as  compared  with  the  smallest  value 
of  this  quantity  previously  known,  10"^,  which  is  the  value  of  the 
hydrogen  ion  in  electrolysis.  It  is,  therefore,  very  probable  that  the 
carrier  is  the  same  in  the  different  gases,  and  since  e  is  the  same  as  in 
electrolysis,  m  must  be  very  much  smaller  than  ordinary  molecules. 

To  again  quote  from  Thomson's  paper ^:  "The  explanation  which 
seems  to  me  to  account  in  the  most  simple  and  straightforward 
manner  for  the  facts  is  founded  on  a  view  of  the  constitution  of  the 
chemical  elements  which  has  been  favorably  entertained  by  many 
chemists ;  this  view  is  that  the  atoms  of  the  different  chemical  ele- 
ments are  different  aggregations  of  atoms  of  the  same  kind.  In  the 
form  in  which  this  hypothesis  was  enunciated  by  Prout,  the  atoms 
of  the  different  elements  were  hydrogen  atoms ;  in  this  precise  form 
the  hypothesis  is  not  tenable,  but  if  we  substitute  for  hydrogen  some 
unknown  primordial  substance,  X,  there  is  nothing  known  which  is 
inconsistent  with  this  hypothesis.  .  .  .  Thus,  on  this  view  we  have 
in  the  cathode  rays  matter  in  a  new  state,  a  state  in  which  the  sub- 
division of  matter  is  carried  very  much  further  than  in  the  ordinary 
gaseous  state ;  a  state  in  which  all  matter  —  that  is,  matter  derived 
from  different  sources  such  as  hydrogen,  oxygen,  etc.  —  is  of  one  and 
the  same  kind ;  this  matter  being  the  substance  from  which  all  the 
chemical  elements  are  built  up." 

These  very  small  particles,  or  primordial  atoms  into  which  the 
molecules  of  the  gas  are  dissociated,  have  been  termed  by  Thomson, 
"  corpuscles."     These  are  evidently  much  smaller  than  the  molecules 

of  tlie  gas,  and  would  give  a  constant  value  for  — ,  independent  of 

e 

the  nature  of  the  gas,  for  the  "  corpuscles  "  are  the  same  whatever 
the  gas  might  be. 

We  have  thus  traced  in  this  section  the  theories  as  to  the  rela- 
tions between  the  atoms  of  the  different  elements.    Also  the  relations 

'^  Loc,  cU,^  p.  811. 
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between  the  relative  weights  of  the  atoms  of  elementary  substances, 
and  the  chemical  and  physical  properties  of  those  substances.  The 
question  has  not  thus  far  been  raised  as  to  the  actual  nature  of  the 
atom,  or  as  to  its  absolute  size  or  weight.  To  such  problems  we  will 
now  turn. 

THE  NATURE  OF  ATOMS  AND  THE  SIZE  OF  MOLECULES 

The  Theory  of  Vortex  Atoms. — A  paper  on  "Vortex  Atoms" 
was  presented  by  Lord  Kelvin  to  the  Royal  Society  of  Edinburgh  in 
1867.*  He  had  been  attracted  by  Helmholtz's  discovery  of  the  law 
of  vortex  motion  in  a  perfect  fluid,  which  appeared  to  him  to  con- 
tain a  rational  explanation  of  the  nature  of  the  atom  itself.'  "  This 
discovery  inevitably  suggests  the  idea  that  Helmholtz's  rings  are 
the  only  true  atoms.  For  the  only  pretext  seeming  to  justify  the 
monstrous  assumption  of  inflnitely  strong  and  infinitely  rigid  pieces 
of  matter,  the  existence  of  which  is  asserted  as  a  probable  hypothe- 
sis by  some  of  the  greatest  modern  chemists  in  their  rashly  worded 
introductory  statements,  is  that  urged  by  Lucretius  and  adopted  by 
Newton ;  that  it  seems  necessary  to  account  for  the  unalterable  dis- 
tinguishing qualities  of  different  kinds  of  matter.  But  Helmholtz 
has  proved  an  absolutely  unalterable  quality  in  the  motion  of  any 
portion  of  a  perfect  liquid,  in  which  the  peculiar  motion  which  he 
calls  *  vortex  motion '  has  once  been  created.  Thus,  any  portion  of 
a  perfect  liquid  which  has  'vortex  motion'  has  one  recommenda- 
tion of  Lucretius'  atom,  —  infinitely  perennial  specific  quality.  To 
generate  or  to  destroy  *  vortex  motion'  in  a  perfect  fluid  can  only 
be  an  act  jf  creative  power." 

Maxwell  *  discusses  the  vortex  theory  of  Kelvin  in  some  detail, 
and  points  out  that  the  fluid  must  be  a  material  substance  with  cou- 
tinuous  motion,  and  the  mass  of  any  moving  portion  must  remain 
constant.  In  addition,  it  must  be  incompressible,  homogeneous,  and 
continuous.  If  from  every  point  of  a  closed  curve  vortex  lines  are 
drawn  in  both  directions,  the  tubular  surface  thus  formed  is  the  so- 
called  vortex  tube.  The  strength  of  the  tube  is  the  product  of  the 
area  of  any  section  of  the  tube  and  the  mean  velocity  of  rotation. 
Maxwell  shows  that  the  following  facts  obtain  for  such  a  finite  vor- 
tex tube  in  an  infinite  fluid :  It  so  returns  into  itself  as  to  form  a 
closed  ring,  whence  the  term  "  vortex  ring."  It  always  consists  of 
the  same  portion  of  the  fluid,  and  therefore  has  an  invariable  vol- 
ume.   The  strength  remains  invariable.    A  portion  of  the  fluid  once 

*  Froc  Roy,  Soc.,  Edinb.,  1867,  p.  94.  2  76iU,  p.  94. 

* £ncyclopasdia  Britannica,  article  ''Atom.'' 
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in  lotational  motion  must  forever  continue  so  to  move,  and  all  por- 
tions not  originally  in  aueh  motion  can  never  enter  into  it.  A  vor- 
tex tube  lian  never  pass  through  any  other  such  tube,  or  through 
any  of  its  own  convolutions. 

Maswell  thinks  "  that  the  vortex  ring  theory  of  the  atom  satis- 
fies more  of  the  necessary  conditions  than  any  other  theory  of  the 
atom  thus  far  suggested." 

Applications  of  the  Theory  to  Chemical  Phenomena.  —  The  ap- 
plication of  the  theory  of  the  voi'tex  atom  to  chemical  phenomena 
we  owe  chiefly  to  J.  J.  Thomson.'  The  simplest  atom  consists  of  a 
single  vortex  ring ;  the  more  complex  atoms  of  two  or  more  of  these 
rings  linked  together.  The  single  rings  may  differ  in  volume,  which 
would  account  for  the  difference  in  properties  observed.  Chemical 
action  consists  in  the  union  of  the  vortex  rings.  If  the  rings  are  of 
the  same  kind,  we  have  atoms  of  elementary  substances  uniting  to 
form  molecules.  If  the  rings  are  of  different  kinds,  we  have  the 
two  elements  of  which  these  rings  are  the  atoms  uniting  chemically. 
If  two  voitex  rings  united  as  above  described  are  brought  into  the 
presence  of  other  vortex  rings,  they  will  separate,  since  their  veloci- 
ties of  translation  will  become  different,  their  radii  being  changed 
by  different  amounts. 

Atoms  of  all  the  elementary  substances  are  then  to  be  regarded  as 
made  up  of  vortex  rings.  Some  consist  of  only  one  ring,  others  of 
two  rings  linked  together,  others  of  three,  and  so  on  up  to  six  vortex 
rings.  It  is  shown  that  no  atom  can  consist  of  more  than  six  of  these 
rings  arranged  symmetrically,  and  this  is  of  chemical  importance,  as 
we  sliall  see.  One  atom  of  an  elementary  substance  may  unite  with 
another  of  the  same  kind,  forming  a  molecule  consisting  of  two 
atoms,  as  we  believe  to  be  the  case  in  hydrogen,  chlorine,  oxygen,  etc. 
Three  or  four  elementary  atoms  might  unite  and  form  a  molecule, 
but,  as  Thomson  points  out,  there  is  much  less  chance  of  their  com- 
bining in  this  way  than  in  pairs. 

Each  vortex  ring  in  the  atom  corresponds  to  one  bond  or  unit 
valence,  and  the  number  of  vortex  rings  contained  in  the  atom  deter- 
mines its  valency  or  combining  power. 

The  conclusion  that  if  these  rings  are  linked  in  the  most  sym- 
metrical manner  the  largest  possible  number  contained  in  any  atom 
is  six,  can  be  tested  by  chemical  means.  If  the  maximum  number 
of  rings  in  an  atom  is  six,  and  each  ring  corresponds  to  one  valence 
or  oombining  power,  then  the  maximum  number  of  the  simplest 
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single-ring  atoms  with  which  any  atom  could  combine^  is  six.  There 
is  no  case  known  in  the  whole  field  of  chemistry  where  one  atom  of 
any  substance  combines  with  more  than  six  atoms  of  any  other  sub- 
stance. And  further,  there  is  at  least  one  compound  known  (WCle) 
where  an  atom  of  one  element  does  combine  with  six  atoms  of  another 
element.  This  agreement  between  theory  and  fact  is  so  striking 
that  it  cannot  be  regarded  as  an  accidental  coincidence. 

The  theory  of  vortex  atoms  is  also  wonderfully  in  accord  with 
some  of  the  facts  discovered  by  a  spectroscopic  examination  of  the 
elements. 

What  the  ultimate  fate  of  the  theory  of  "  vortex  atoms  "  will  be, 
it  is  impossible  to  say.  The  enormous  difficulties  involved  in  testing 
any  theory  as  to  the  nature  of  the  atom  itself  are  apparent  to  any 
one.  All  that  can  be  stated  at  present  is  that  this  is  by  far  the  best 
theory  that  we  have  as  to  the  nature  of  the  atom,  and  that  it  accords 
with  many  important  facts  both  in  chemistry  and  in  physics. 

The  Size  of  Molecules.  —  This  chapter  on  atoms  and  molecules 
should  not  be  closed  without  a  brief  reference  to  Kelvin's  calculation 
of  the  approximate  size  of  molecules.  He  ^  calls  attention  to  the  fact 
that  atoms  cannot  be  infinitesimally  small,  since  if  they  were, 
chemical  reactions  would  have  to  take  place  with  infinite  velocity. 
Becognizing  that  atoms  have  finite  size,  he  obtained  data  from  several 
sources,  and  especially  from  the  study  of  the  electrical  relations 
between  copper  and  zinc,  and  also  from  the  study  of  the  thickness  of 
the  soap-bubble,  for  calculating  the  size  of  molecules.  The  results 
obtained  by  some  four  different  methods  were  of  the  same  order  of 
magnitude.  If  two  millions  of  molecules  were  arranged  side  by  side, 
the  row  would  be  a  millimetre  in  length,  and  two  hundred  million, 
million,  million  of  hydrogen  molecules  would  weigh  a  milligram. 
The  number  of  molecules  in  a  cubic  centimetre  of  gas  under  normal 
conditions  cannot  be  greater  than  6  x  10^,  or  six  thousand,  million, 
million,  million.  Since  the  densities  of  liquids  and  solids  are  from 
five  hundred  to  sixteen  thousand  times  that  of  the  air,  the  number  of 
molecules  in  a  cubic  centimetre  of  the  liquid  or  solid  must  be  from 
3  X  10**  to  3  X  10« 

Numbers  of  such  magnitude  are  entirely  incomprehensible,  and 
in  order  to  form  any  conception  of  them,  we  must  translate  them  into 
terms  with  which  the  mind  can  deaL  This  has  already  been  done 
for  us  by  Lord  Kelvin  in  the  last  paragraph  of  his  paper :  *  — 

*  Nature,  March  Slst,  1870.  Reprinted  in  Amer.  Journ.  Science  [2],  W,  38 
(1871).    Also  Lieb,  Ann.  167,  64  (1871).  «  Loc,  cU. 
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<^To  form  some  conception  of  the  degree  of  coarse-grainedness 
indicated  by  this  conclusion^  imagine  a  raindrop,  or  a  globe  of  glass 
as  large  as  a  pea,  to  be  magnified  up  to  the  size  of  the  earth,  each 
constituent  molecule  being  magnified  in  the  same  proportion.  The 
magnified  structure  would  be  coarser-grained  than  a  heap  of  small 
shot,  but  probably  less  coarse-grained  than  a  heap  of  cricket  balls." 

Perhaps  the  best  demonstration  of  the  almost  unlimited  divisi- 
bility of  matter  is  furnished  by  some  of  the  aniline  dyes  or  by  fluo- 
rescelin,  where  one  part  is  capable  of  coloring  or  rendering  fluorescent 
at  least  one  hundred  million  parts  of  water. 

The  absolute  size  of  the  molecules  has  been  calculated  on  entirely 
different  grounds  by  Nernst,  J.  J.  Thomson,  and  others.  The  results 
obtained  are,  in  general,  of  the  same  order  of  magnitude,  and  in  many 
cases  agree  as  closely  as  we  could  expect  when  we  consider  the  enor- 
mous difficulties  involved  in  such  calculations. 


CHAPTER  II 


LAWS  OF  GAS-PRESSURE 

Properties  of  Chwes.  — We  know  matter  in  three  states  of  aggrega- 
tion :  gas,  liquid,  and  solid.  These  differ  from  one  another  in  many 
respects ;  but  the  most  striking  difference  is  in  the  relative  ease  with 
which  the  particles  can  move  among  one  another.  In  a  gas  there  is 
comparatively  little  resistance  offered  to  the  movements  of  the  mole- 
cules ;  the  friction  of  one  particle  against  another  is  comparatively 
small.  In  a  liquid  there  is  much  greater  resistance  offered  to  the 
movement  of  the  parts,  the  inner  friction  being  many  times  greater 
than  in  a  gas;  while  in  a  solid  the  parts  are  relatively  fixed,  and 
movement  is  accomplished  only  by  subjecting  the  solid  to  very  great 
pressures. 

Another  striking  difference  between  gases,  and  liquids  and  solids, 
probably  due  to  the  same  cause,  is  the  almost  unlimited  power  of 
expansion  possessed  by  the  former.  A  gas  expands  and  fills  the 
entire  space  placed  at  its  disposal.  A  liquid  takes  the  form  of  the 
containing  vessel  on  all  sides  except  above,  but  has  its  own  definite 
volume  for  a  definite  temperature,  and  this  varies  but  little  for  large 
changes  in  pressure.  A  solid  has  its  own  definite  shape  and  volume, 
independent  of  the  shape  and  size  of  the  containing  vessel.  This 
volume  varies  with  the  temperature  according  to  definite  laws,  and 
is  only  slightly  changed  by  change  in  pressure.  Gases  differ  from 
liquids  and  solids  also  in  that  they  represent  matter  in  a  very  dilute 
form.  A  little  matter  is  distributed  through  a  large  space,  or  as  it 
is  usually  expressed,  the  density  of  gases  is  smalU  Some  of  these 
differences  are  not  as  fundamental  as  they  might  at  first  sight 
appear,  since  a  gas  can  be  compressed  to  a  liquid,  and  a  liquid  con- 
verted into  a  solid.  And,  similarly,  a  solid  can  be  liquefied,  and  a 
liquid  converted  into  a  gas.  Indeed,  most  of  the  forms  of  matter 
with  which  we  are  acquainted  are  known  in  all  three  states  of 
aggregation. 
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Of  the  three  states  of  aggregation,  the  gaseous  is  the  simplest;, 
since  it  repi-esents  matter  in  the  most  tenuous  condition,  and  will, 
therefore,  be  studied  first. 

Law  of  Boyle.  —  The  fact  that  a  gaa  always  fills  the  entire  apace 
plaeed  at  ita  disposal  makes  it  easy  to  change  the  volume  of  a  gaa 
at  will.  This  can  be  also  accomplished  by  simply  changing  the 
pressure  to  which  the  gaa  is  subjected.  With  increase  in  pressure 
the  volume  of  a  gas  becomes  smaller,  and  with  increase  in  pressure 
the  density  of  a  gas  becomes  greater.  There  is  a  very  simple  relar 
tion  connecting  these  quantities.  The  pressure  of  a  gas  is  pro- 
portional to  its  density,  and  both  are  inversely  proportional  to  the 
volume.     If  we  represent  the  pressure  by  p,  and  the  density  by  rf, 

the  mass  of  the  gaa,  Boyle's  law  may  be 


If  V  is  the  volume  and  ) 
expressed  thus ;  — 


pv  = 


M 

■jsure 
ivle's 

aaat      | 


c  is  a  constant  for  a  gas  at  a  given  temperature.     If  p  is  the  press 
and  I'  the  volume  of  a  given  mass  of  gas,  and  p,  and  v,  the  pressure 
and  voliune  of  the  same  mass  of  gas  under  other  conditions,  Boyle's 
law  may  be  expressed  thus :  — 

2)t)=PiVr. 

The  product  of  the  pressure  and  volume  of  a  given  maa 
constant  temperature  is  a  constant. 

Boyle's  law  may  be  expressed  in  still  another  way.  Since  the 
pressure  and  density  of  a  gas  are  proportional,  the  pressure  eserted 
by  a  gaa  varies  directly  as  its  concentration,  or  directly  as  the 
number  of  parts  contained  in  unit  vohime. 

EzoepUoni  to  the  Law  of  Boyle.  —  It  was  early  shown  that  the 
law  of  Boyle  does  not  hold  under  all  conditions.  Deviations  were 
observed  especially  when  the  gaa  was  subjected  to  high  pressures; 
the  change  in  volume  being  less  at  these  pressures  than  would  be 
supposed  from  the  law  of  Boyle,  as  Katterer '  and  others  have 
shown. 

The  investigation  of  Amagat '  on  this  problem  is  probably  the 
best,  and  is  certainly  the  moat  fundamental  which  has  ever  been 
carried  out.     He  arrived  at  the  same  conclusion  aa  that  reached  by 


•  Journ.  prakl.  Chen.  56,  127  (1852). 
*Atiit.  Chim.  Pftyj.  [5],  18,  345  (1880), 
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N'atterer,  that  the  product  of  pressure  aud  volume,  pv,  increases 
with  increase  in  pressure  for  very  high  pressures.  Ainagat  plotted 
the  results  obtained  for  hydrogen,  nitrogen,  caJ'bon  dioxide,  oxygen, 
ethylene,  etc.,  in  curves.'  For  the  smaller  pressures  the  gases  were 
more  strongly  compressed  than  would  be  expected  from  Boyle's  law, 
— pv  decreasing  with  increase  in  pressure.    The  value  of  ;;ii,  with  in- 
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creasing  pressure,  reached  a  minimum,  conformed  closely  to  Boyle's 
law  for  a  short  range  of  pressure,  and  then  began  to  increase  as  the 
pressure  increased.  This  will  be  seen  at  once  from  the  curves  in 
Fig.  3.  Hydrogen,  however,  is  a  marked  exception.  The  value  of 
pv  increases  regularly  with  increase  in  pressure  from  comparatively 

'  Ann.  Chim.  Phyg.  18,  p.  379  (1880). 
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small  pressures,  so  that  the  curve  for  hydn^n  does  not  show  any 
miDimum,  but  is  very  nearly  a  straight  line.  This  will  be  seen  fiom 
Fig.  4. 

Amagat  studied  also  the  effect  of  temperature  on  the  deviationft 
from  the  law  of  Boyle.  Some  of  his  earlier  work '  indicated  that  the 
values  of  pv,  with  increase  in  pressure,  remained  more  nearly  constant 
at  higher  temperatures.  This  led  him  to  carry  out  an  elaborate  in- 
vestigation, which  was  published  in  1880,'  and  which  is  probably 
the  most  important  paper  bearing  upon  the  exceptions  to  Boyle's 
law.  He  took  a  gas,  say  ethylene,  and  worked  out  the  values  of  pv 
with  change  in  pressure  at  a  given  temperature.  He  then  found 
the  values  of  pv  for  the  same'range  in  pressure,  using  a  different 
temperature.     In  the  case  of  ethylene,  the  temperatures  ranged  from 
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16°.3  to  100°.  Amagat  used  a  number  of  gases,  —  nitrogen,  carbon 
dioxide,  ethylene,  marsh  gas,  and  hydrogen,  —  and  plotted  the  results 
obtained  for  each  gaa  at  the  different  temperatures  in  a  curve.  The 
curves  for  two  gases,  ethylene  and  hydrogen,  are  given  in  Figs.  3 
and  4.  The  abscissas  are  the  pressures  expressed  in  metres  of  mer- 
cury.    The  ordinates  are  the  values  of  j»y. 

The  values  of  pr  for  ethylene  and  all  the  other  gases  studied,  with 
the  exception  of  hydrogen,  at  first  decreased,  then  reached  a  mini- 
mum, and  finally  increased  as  the  pressure  increased.  It  will,  how- 
ever, be  seen  from  Fig.  3  that  the  deviation  from  the  law  of  Boyle 

1  Ann.  Chim.  Phy$.  [4],  89,  2M  (1873). 

*  Ibid.  [5],  BS,  S63  (1881),  SoienOfic  Memoir  Seriea,  V,  p.  13. 
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becomes  less  and  less  as  the  temperature  increases.  If  the  law  of 
Boyle  applied,  the  curve  would  be  a  straight  line  parallel  to  the 
abscissa.  This  condition  is  more  and  more  nearly  realized  as  the 
temperature  rises ;  and  for  ethylene  at  100®  the  minimum  is  far  less 
sharp  or  pronounced  than  at  16®.3.  The  deviation  from  Boyle's  law 
becomes  less  and  less  with  rise  in  temperature  also  in  the  case  of 
carbon  dioxide  and  methane,  as  will  be  seen  by  consulting  the  curves 
for  these  gases  as  worked  out  by  Amagat.^ 

Hydrogen,  as  has  already  been  mentioned,  is  a  marked  exception. 
The  value  of  pv  increases  regularly  from  the  smallest  pressure  used 
up  to  the  largest ;  and  further,  the  curves  for  different  temperatures 
are  very  neai'ly  parallel,  showing  that  the  deviation  from  Boyle's  law 
in  this  case  is  as  great  at  the  higher  as  at  the  lower  temperature. 
The  question  as  to  the  applicability  of  Boyle's  law  to  gases  under 
very  small  pressure  has  also  been  studied  experimentally.  The  re- 
sults obtained  are  so  conflicting  that  it  is  impossible  to  decide  between 
them.  It,  however,  seems  quite  probable  that  there  is  no  large  devia- 
tion from  Boyle's  law  shown  by  very  dilute  gases;  i.e.  where  the 
pressure  is  small  and  there  are  relatively  iew  gas  particles  in  a 
given  space. 

The  Law  of  Oay-Lnssao.  —  If  a  gas  is  kept  under  constant  pressure 
and  its  temperature  raised,  the  volume  will  increase.  If  the  volume 
is  kept  constant  as  the  temperature  rises,  the  pressure  will  increase. 
The  remarkable  fact  has  been  discovered  that  the  increase  in  the  vol- 
ume of  a  gas  for  a  given  rise  in  temperature  is  a  constant,  independent 
of  the  nature  of  the  gas.  All  gases  increase  about  ^^  (=0.00367) 
of  their  volume  at  0®  C.  for  every  rise  of  one  degree  in  temperature. 
Gay-Lussac's  law  states  that  this  temperature  coefficient,  which  we 
wiU  call  By  is  constant  for  all  gases.     Its  exact  value  is  0.003665. 

If  we  keep  the  volume  constant  and  warm  the  gas  to  t®,  the 
pressure  P,  at  this  temperature,  is  calculated  from  the  pressure  po 
at  0**,  as  follows :  — 

^^=^1)  (1+0.003665  0. 

If,  on  the  other  hand,  the  pressure  is  kept  constant  and  the  vol- 
ume allowed  to  increase  with  rise  in  temperature,  the  volume  at  t®,  F, 
is  calculated  from  the  volume  at  0°,  r©,  thus :  — 

F=  vo  (1  4-  0.003665  t). 

If  both  pressure  and  volume  are  allowed  to  change  when  the  gas 
is  heated,  the  pressure  and  volume  at  f,  p  and  v,  are  calculated  from 
the  pressure  and  volume  at  0®  in  this  manner :  — 

1  Loc.  cit. 
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pv  =  Poi>v  (1+0.003665  () 
from  which,  V,  =  ^^^^Q^sG&Sty 

This  is  the  expresaion  generally  employed  for  reducing  a  gas  to 
■what  are  termed  normal  conditions.  If  the  volume  v  of  the  gas  is 
read  at  a  given  pressure,  p,  and  temperature,  (,  we  can  calculate  at 
once  the  volume  v„  at  0°  C.  and  normal  pressm-e  po  which  is  taken  as 
760  mm.  of  mercury. 

The  value  of  the  constant  0.003665  is  determined  either  by  keeping 
the  pressure  constant  and  measuring  the  increase  iu  volume  with  rise 
in  temperature,  or  by  keeping  the  volume  constant  and  mesiauring  the 
increase  in  pressure  as  the  tempei'ature  rises.  The  values  found  by 
the  two  methods  differ  only  slightly,  and  we  take  0.003665  (  as  very 
nearly  the  true  value  of  the  temperature  coefficient  of  a  gaa. 

This  is  veiy  nearly  ^fj,  which  means  tliat  if  a  gas  is  cooled  down 
to  —  273°  C.  its  volume  woidd  become  zero  if  the  law  of  Gay-Lussac 
held  down  to  the  limit.  This  temperature,  termed  the  absolute  zero, 
has  now  been  nearly  realized  experimentally.  It  is  quite  certain  that 
temperatures  have  been  produced  which  are  within  twenty  degrees  of 
this  point.  It  is,  however,  very  probable  that  the  laws  of  gas-pressure 
would  not  hold  at  these  extreme  limits. 

If  we  represent  temperature  as  meaaured  from  the  absolute  zero 
by  7,  the  combined  expression  of  the  laws  of  Boyle  and  Gay-Lussac 


We  usually  represent  ^^  by  R,  when  the  above  becomes, 
pi!  =  RT. 


I 


BeviationB  from  the  Law  of  Gay-Lnuac.  —  There  are  many  ex- 
ceptions to  the  law  of  Gay-Lusaac  as  well  as  to  the  law  of  Boyle. 
The  coefficient  of  expansion  varies  considerably  from  one  gaa  to 
another,  and  varies  considerably  for  the  same  gas  under  different 
temperatures  and  pressures.  This  was  shown  very  clearly  by  the 
same  work  of  Amagat,'  in  which  the  exceptions  to  the  law  of  Boyle 
were  studied.  The  effect  of  both  temperature  and  pressure  on  the 
coefficient  of  exjiansion  of  ethylene  is  seen  in  the  following  table 
of  results  taken  from  the  work  of  Amagat.* 


'  Ann.  Chim.  Phga.  [5],  S8,  353  (1881). 
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Ethylene 


Peessuks  in 
Mktees 

20°-40° 

40*^-60° 

60°-80° 

80°-100° 

ao 

0.0084 

0.0064 

0.0046 

0.0040 

60 

0.0366 

0.0178 

0.0097 

0.0067 

80 

0.0121 

0.0105 

0.0132 

0.0088 

100 

0.0079 

0.0108 

0.0121 

0.0100 

120 

0.0062 

0.0075 

0.0095 

0.0082 

•140 

0.0048 

0.0062 

0.0076 

0.0068 

* 

160 

0.0041 

0.0057 

0.0061 

0.0058 

200 

0.0034 

0.0043 

0.0044 

0.0044 

240 

0.0030 

0.0035 

0.0036 

0.0034 

280 

0.0027 

0.0031 

0.0030 

0.0029 

320 

0.0025 

0.0027 

0.0024 

0.0024 

The  horizontal  lines  show  the  variation  in  the  coefl&cient  of 
expansion  with  change  in  temperature,  the  pressure  remaining 
constant.  While  there  is  no  sharply  defined  law  in  this  con- 
nection, it  will  be  seen  from  the  results  that  the  coefl&cient 
increases  with  the  temperature  up  to  a  certain  point,  and  then 
begins  to  diminish.  At  higher  temperatures  the  coefficient  be- 
comes still  less. 

The  vertical  columns,  however,  bring  out  a  well-defined  relation 
between  the  coefficient  of  expansion  at  a  definite  temperature  and 
the  pressure.  The  coefficient  increases  with  the  pressure  to  a 
maximum  and  then  decreases  regularly.  If  we  examine  the  curves 
for  ethylene  (Fig.  4),  we  will  see  that  the  maximum  value  of  the 
coefficient  of  expansion  corresponds  closely  to  the  pressure  at  which 
the  value  of  ^w  is  a  minimum.  As  the  temperature  rises  this  maxi- 
mum becomes  less  and  less  sharply  defined,  just  as  the  minimum 
for  pv  becomes  less  sharply  defined. 

The  decrease  in  the  coefficient  of  expansion  with  rise  in  tem- 
perature beyond  a  certain  point  is  also  shown  by  the  curves  in 
Fig.  4.  The  distance  between  the  curves  for  any  given  pressure 
becomes  less  and  less  as  the  temperature  rises. 

The  applicability  of  the  law  of  Gay-Lussac  to  gases  under  very 
small  pressure  has  been  studied  by  a  number  of  experimenters. 
The  work  of  Baly  and  Ramsay^  should,  however,  receive  special 


1  Phil  Mag.  88,  301  (1894). 
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notice.  They  worked  with  a  number  of  gases,  from  a  few  milli- 
metre's  pressure  down  to  a  very  small  fraction  of  a  millimetre.  The 
pressure  used  with  hydrogen  varied  from  4.7  mm.  to  0.077  mm. 
The  coefficient  of  expansion  at  the  higher  pressure  was  jy^-  This 
remained  practically  constant  until  the  pressure  was  diminished  to 
0.4  mm.  When  still  further  diminished  the  coefficient  of  expansion 
decreased  and  was  only  ^^L^  at  a  pressure  of  O.077  mm.  Oxygen 
behaves  very  differently  from  hydrogen.  Its  coefficient  of  expansion 
at  5.1  mm.  is  ^^,  which  is  larger  than  would  correspond  to  the  law 
of  Gay-Luasac.  It  increases  with  decrease  in  pressure,  being  ^^ 
at  2,5  mm.,  and  at  0.07  mm.  it  is  about  5-^^-5.  With  nitrogen  we 
find  at  5.3  mm.  that  the  coefficient  of  expansion  is  j^,  being  much 
less  than  would  be  expected  from  the  law  of  Gay-Lussac.  This 
value  becomes  still  less  as  the  pressure  decreases,  being  only  j^  at 
a  pressure  of  0,8  mm. 

The  law  of  Gay-Lussac,  like  the  law  of  Boyle,  must  be  regarded 
as  an  approximation,  which  holds  rigidly  only  under  special  con- 
ditions. There  are  many  exceptions  known  to  both  laws,  but  those 
already  considered  suffice  to  show  the  general  character  of  the 
exceptions  most  frequently  met  with. 

The  Law  of  Avogadro.  ^ — ^The  law  of  Avogadro  has  been  already 
referred  to  in  connection  with  the  determination  of  the  molecular 
weights  of  vapors.  It  will  be  recalled  that  the  law  was  proposed 
to  account  esjiecially  for  the  simple  volume  ratios  in  which  gases 
combine,  and  the  simple  ratios  between  the  volumes  of  the  constitu- 
ents and  those  of  the  products  formed.  The  law  is  usually  stated 
thus:  equal  volumes  of  all  gases  at  the  same  temperature  and 
pressure  contain  the  same  number  of  ultimate  parts.  This  law 
cannot  be  proved  directly  by  experiment,  hvit  is  in  accord  with  so 
many  facta  that  it  is  very  probably  true.  Indeed,  it  has  been  tested, 
indirectly,  in  so  many  directions  that  it  is  now  given  a  place  among 
the  laws  of  nature.  It  is  true,  however,  that  it  does  not  seem  to 
hold  absolutely  in  some  cases.  Thus,  two  volumes  of  hydrogen  do 
not  combine  with  exactly  one  volume  of  oxygen  to  form  water.  We 
must,  therefore,  assume  either  that  water  is  not  HjO,  or  that  the 
law  of  Avogadro  does  not  hold  rigidly  in  this  case.  The  latter 
assumption  is,  of  course,  by  far  the  most  probable,  and  is  therefore 
the  one  accepted. 

We  can  combine  the  three  laws  of  gas-pressure  in  one  expression,' 


iHorstraann:  Brr.  d.  etttm.  Gearll.  U,  1242  (1881).    Van' 
phy:  Ckem.  1,  491  (1887),  SclenUfic  Memoir  Rerlce,  IV.  p.  24. 
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just  as  we  combined  the  two  laws,  those  of  Boyle  and  Gay-Lussac, 
in  the  equation  PV=  ET, 

Let  us  deal  with  gram-molecular  weights  *  of  gases.  The  pressure 
exerted  by  a  gram-molecular  weight  of  a  gas  at  0°  C,  in  the  space  of 
a  litre,  is  about  22.4  atmospheres.    If  we  use  the  equation  — 

^-273^' 

and  substitute  for  po  the  above  pressure,  and  for  Vq  the  value  1,  we 
have  — 

^=273^ 
=  0.082  T. 

This  is  the  combined  expression  of  the  laws  of  Boyle,  Gay-Lussac, 
and  Avogadro. 

Apparent  Exceptions  to  the  Law  of  Avogadro.  —  There  are  a  num- 
ber of  substances  known  which,  for  a  time,  were  regarded  as  excep- 
tions to  the  law  of  Avogadro.  The  densities  of  their  vapors  were 
smaller  than  would  be  expected  from  the  law  of  Avogadro.  Among 
these  substances  are  ammonium  chloride,  ammonium  cyanide,  ammo- 
nium sulphide,  ammonium  hydrosulphide,  phosphorus  pentachloride, 
and  chloral  hydrate.  It  has,  however,  been  shown  that  these  com- 
pounds are  not  exceptions  to  the  law  of  Avogadro,  but  agree  very 
well  with  it.  The  very  small  vapor-densities  are  satisfactorily 
explained,  as  will  be  seen  when  we  come  to  deal  with  this  phase  of 
our  subject. 

THE  KINETIC  THEORY  OF  GASES 

The  Kinetio  Theory.  —  We  have  considered  thus  far  the  laws  to 
which  the  pressure  of  gases  conforms,  and  have  found  that  gases  in 
general  obey  approximately  the  laws  of  Boyle,  Gay-Lussac,  and 
Avogadro.  The  question  has  thus  far  not  been  raised,  why  a  gas 
exerts  any  pressure  at  all.  It  is  more  than  probable  that  the 
pressure  exerted  by  all  gases  is  due  to  the  same  cause,  since  differ- 
ent gases  obey  so  nearly  the  same  laws  of  pressure.  Further,  the 
nature  of  these  laws  makes  it  highly  probable  that  the  structure  of 
gases  is  comparatively  simple,  and  the  nature  of  gas-pressure,  me- 
chanically considered,  not  very  complex. 

^  A  gram-molecular  weight  is  the  molecular  weight  of  the  gas  in  grams. 
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The  theory  which  has  been  proposed  to  account  for  ga£-presBure 
is  known  as  the  kinetic  theory.  According  to  this  theory,  the  pavti- 
cles  or  molecules  of  a  gas  are  continually  moving  in  all  directions 
in  straight  lines ;  the  velocity  being  very  great,  and  each  particle 
moving  independently  of  all  others.  These  particles  would  frequently 
strike  one  another  and  also  the  walls  of  the  containing  vessel,  and 
thus  the  pressure  of  gasea  would  be  produced.  The  pressure  of  the 
gas  on  the  walls  of  the  confining  vessel  is  then  due  to  the  blows  or 
impacts  of  the  gas  particles  against  these  walls. 

Deviations  from  the  Gas  Laws  explained  by  the  Kinetic  Theory. 
Van  der  Waala'  Equation.  ^\Ve  have  seen  thiit  the  laws  of  gas-press- 
ure are  only  approximations  and  hold  only  under  very  special  con- 
ditions. We  will  now  examine  gases  in  the  light  of  the  kinetic 
theory  and  see  whether  any  explanation  of  the  exceptions  to  the  gas 
laws  can  be  found.  If  gas-pressure  is  due  to  the  impacts  of  the  gaa 
particles  against  the  walls  of  the  vessel,  the  space  in  which  these 
particles  move  is  evidently  not  the  whole  volume  of  the  gas,  as  we 
have  thus  far  assumed,  but  is  not  greater  than  the  volume  of  the  gas 
minus  the  space  occupied  by  the  particles  themselves.  If  the  press- 
ure is  small,  or  what  amounts  to  the  same  thing,  the  volume  large, 
there  are  relatively  few  particles  in  a  large  space,  and  the  space 
occupied  by  the  particles  themselves  is  so  small  compared  with  the 
spaces  between  the  particles  that  it  is  negligible.  If  the  gas  is 
under  high  pressure  there  are  many  more  particles  in  a  given  volume, 
and  the  space  occupied  by  the  gas  molecules  themselves  becomea 
quite  considerable.  We  have  seen  that  the  gas  laws  hold  much 
more  closely  when  the  gas  is  dilute  or  under  small  pressure,  than 
when  the  pressure  is  great.  It  is,  therefore,  evident  that  we  must 
take  into  account  the  space  occupied  by  the  gas  molecules  themselves. 
We  must  introduce  into  the  equation  which  expresses  both  the  laws 
of  Boyle  and  Gay-Lussac  (pr  =  RT)  a  factor  for  the  volume  of  the 
gaa  molecules.  If  we  call  this  factor,  which  is  a  constant  for  every 
gas,  b,  the  above  equation  becomes  — 

pl,v-b)  =  RT. 

There  is  one  factor,  however,  which  is  still  not  taken  into  account. 
The  assumption  is  made  that  the  particles  of  gns  do  not  exert  any 
attraction  upon  one  another,  aj)d  it  is  quite  certain  that  such  an 
attraction  exists.     Van  der  Waals'  has  taken  this  into  account,  and 


'  Die  KontinuitSt  tin  g<in/<irmiiii 


1  Zumndcs,  Leipzig,  1881, 
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has  modified  the  gas  equation  accordingly.  The  attraction  exerted 
by  the  gas  particles  is  proportional  to  the  specific  attraction  a,  and 

inversely  proportional  to  the  square  of  the  volume  v.    This  term  — 

must  be  added  to  the  pressure  p,  since  the  attraction  of  particles  for 
each  other  has  the  same  effect  as  subjecting  the  gas  to  an  increase  in 
pressure.    Van  der  WaaJs'  equation  is  then  — 


(p  +  ^yv  -  b)  =  BT. 


This  equation  explains  many  of  the  exceptions  shown  by  gases  to 
the  simpler  laws  of  Boyle  and  Gay-Lussac.     If  the  pressure  is  small, 

^  becomes  negligible  because  of  the  large  value  of  v,  and  b  the  space 

occupied  by  the  molecules  is  also  small.  The  gas  under  these  condi- 
tions would  be  more  likely  to  accord  with  the  simpler  expressions, 
and  such  is  in  general  the  fact,  with  perhaps  a  few  exceptions  at 
very  small  pressures,  and  here  experimental  errors  are  large.  As  the 
pressure  increases  the  two  correction  terms  acquire  finite  values,  but 
act  in  opposite  senses.  If  a  has  a  large  value,  the  volume  is  appre- 
ciably diminished,  and  pv  decreases,  as  is  shown  in  the  curves  for 
ethylene  (Fig.  3).  As  the  pressure  still  further  increases,  a  becomes 
relatively  smaller  with  respect  to  p,  and  the  influence  of  b  begins  to 
manifest  itself.  The  gas  becomes  relatively  less  compressible,  or  pv 
increases  with  the  pressure.  This  is  also  seen  in  the  curves  for 
ethylene.  The  two  correction  terms  have  the  same  value  at  a  press- 
ure of  from  40  to  100  m.  of  mercury  depending  upon  the  tem- 
perature, and  at  this  pressure  the  gas  obeys  the  simpler  expression 
of  Boyle's  law. 

In  the  case  of  hydrogen  (Fig.  4),  the  value  of  pv  continually 
increases  with  the  pressure.  This  means  that  the  value  of  the  con- 
stant a  is  so  small  that  it  is  more  than  counterbalanced  by  b  at  all 
pressures.  The  determination  of  the  values  of  the  constants  a  and 
b  for  any  gas  is  comparatively  simple.  Reference  only  can  be  given 
here  to  the  methods  ^  which  are  used.  The  exceptions  to  the  laws  of 
Boyle  and  Gay-Lussac,  which  were  pointed  out  when  these  laws 
were  considered,  are,  then,  fully  explained  by  means  of  the  kinetic 
theory  of  gases. 

1  Ostwald :  Lehrh.  d.  Allg.  Chem,  I,  p.  226. 
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DENSITIES   AND  MOLECULAR  WEIGHTS   OF  GASES 

Densities  and  Uolecnl&r  Weights.  —  The  determination  of  the 
relative  densities  of  gases  consists  in  determining  the  relative  weights 
of  equal  volumes  of  gases  at  the  same  temperature  and  pressure. 
Since  equal  volumes  of  gases  under  the  same  conditions  contain  an 
equal  number  of  molecules,  the  densities  stand  in  the  same  relation 
as  the  molecular  weights.  Thus,  by  means  of  Avogadro's  law  we 
can  determine  the  muleculac  weights  of  substances  in  the  gaseous 

Some  substance  must  be  taken  as  the  unit  in  determining  the 
densities  in  gases.  Air  has  generally  been  selected  as  the  unit,  and 
the  weights  of  equal  volumes  of  other  gases,  at  the  same  temperature 
and  pressure,  compared  with  that  of  air.  Hydrogen  has  also  been 
used  as  the  unit,  and  is  to  be  preferred  to  air,  since  the  composition 
of  the  latter  varies  slightly  from  time  to  time  and  from  place  to  place. 
The  density  of  air  is  14.37  times  the  density  of  hydrogen,  and  since 
the  molecular  weight  of  hydrogen  is  2,  we  must  multiply  the  density 
referred  to  air  aa  the  unit  by  28.74,  to  obtain  the  molecular  weight 
of  the  gas.  If  we  represent  the  molecular  weight  of  the  gas  by  m, 
and  the  density  referred  to  air  aa  the  unit  by  d, 

m  =  dx  28.74. 

In  this  way  the  molecular  weights  of  gases  can  be  calculated  from 
their  densities. 

A  number  of  methods  and  a  large  number  of  modifications  of 
methods  have  been  proposed  for  determining  the  densities  of  gases. 
The  more  important  will  be  briefly  considered. 

Uethod  of  Dnmas. — The  method  of  Dumas  ^  consists  in  deter- 
mining the  amount  of  substance  which  in  the  form  of  vapor,  at  a 
given  temperature,  jnst  fills  a  flask  whose  volume  is  afterwards 
determined.  The  flask  is  weighed  full  of  air.  Knowing  the  volume 
of  the  flask,  we  know  the  weight  of  air  contained  in  it;  therefore  we 
know  the  weight  of  the  empty  flask.  The  weight  of  the  flask  being 
known,  and  the  weight  of  the  flask  plus  the  substance  which  just 
filled  it  with  vapor,  we  know  the  weight  of  the  substance.  By  deter- 
mining the  weights  of  the  vapors  of  different  substances  which  till  a 
flask  of  given  volume,  we  have  the  relative  densities  of  the  vapors. 

The  apparatus  used  is  a  balloon  flask  (Fig.  5)  holding  from  100 
to  250  CO. 

»  Ann.  Chim.  Phyi.  [2].  88,  337  (I82fi). 
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The  flask  is  carefully  dried  and  weighed,  using  as  a  tare  another 
flask  of  very  nearly  the*  same  size.  We  are  in  this  way  made  inde- 
pendent of  the  conditions  of  temperature,  moisture,  etc.,  imder  which 
the  weighing  is  made. 

A  few  grams  of  the  substance  whose  vapor-density  is  to  be  deter- 
mined are  introduced  into  the  flask,  the  neck  drawn  out  to  a  capillary, 
and  the  flask  placed  in  a  bath  which  is  at  least  ten  or  fifteen  de- 
grees above  the  boiling-point  of  the  substance.  The  substance 
vaporizes,  drives  out  the  air,  and  when  the  vapor  of  the  substance 
ceases  to  escape,  the  capillary  is  fused  shut.  The  flask  after  cool- 
ing is  weighed.  The  fine  point  is  then  cut  off  imder  mercury  and 
the  flask  filled  with  mercury.  The  flask  may  then  be  weighed 
again,  or  the  mercury  poured  out  and  measured,  giving  the  volume 
of  the  flask.* 

The  method  of  Dumas  is  not  as  well  adapted  to  higher  tempera- 
tures as  other  methods  to  be  con- 
sidered later.  In  the  first  place,  it 
is  difScult  to  measure  high  tem- 
peratures accurately;  and,  further, 
the  amount  of  substance  contained 
in  the  bulb  at  high  temperatures 
is  so  small  that  relatively  large 
errors  result  from  this  source. 
Deville  and  Troost  *  have  used  this 
method  at  fairly  high  tempera- 
tures, employing  porcelain  balloons, 
but  their  results  are  not  very  accu- 
rate. The  method  of  Dumas  can-  Fia.6. 
not  be  used  with  even  a  fair  degree  of  accuracy  above  600®  to 
700*^0. 

An  attempt  has  been  made  to  use  the  Dumas  method  under 
diminished  pressure.  Habermann  ^  has  so  arranged  the  bulb  that  a 
low  pressure  can  be  maintained  constant,  and  the  pressure  read  on  a 
manometer.  Larger  bulbs  are  required  for  work  under  diminished 
pressure,  and  even  then  the  quantity  of  substance  is  so  small  that 
considerable  errors  are  introduced. 

^  For  details  in  carrying  out  the  method  and  calculating  the  results,  see 
Kohlrausch :  Leitfaden  der  Praktischen  Physik,  p.  69.  Biltz :  Practical  Methods 
for  Determining  Molecular  Weights  ;  translated  by  Jones  and  King,  p.  40.  Also, 
Tiaube  :  Physikalisch-^hemische  Methoden,  pp.  2&-27. 

*Ann.  Chim.  Phys,  [3],  58,  257  (I860). 

*  Lieh.  Ann.  187,  d41  (1877). 
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A  large  number  of  modifications  of  the  method  of  Dumas 
been  proposed,'  but  that  of  Bunsen'  should  be  especially  mentioned. 
He  used  three  vessela  of  the  same  volume  and  weight.  One  was 
empty,  one  was  filled  with  air  at  a  given  temperature  and  pressure, 
and  the  third  was  filled  with  tlie  vapor  at  the  same  temperature  and 
preasure.  If  we  represent  by  TF,  the  weight  of  the  vessel  filled  with 
the  vapor,  by  Wj  the  weight  of  the  vessel  filled  with  air,  and  by  Tl^ 
the  weight  of  the  vessel  in  which  there  is  a  vacuum,  the  relative 
density  of  the  vapor  and  air  is  expressed  thus :  — 

W,-W, 

w,-  w,' 

After  vessels  of  the  same  volume  and  weight  have  once  been 
prepared,  this  method  of  procedure  is  more  convenient  and  far 
more  rapid  than  that  originally  described  by  Dumas. 

The  method  of  Dumas  is  used  less  to-day  than  it  was  formerly, 
having  been  largely  supplanted  by  better  methods,  especially  at 
elevated  temperatures.  The  apparatus  used  in  this  method  is,  how- 
ever, exceedingly  simple,  and  even  at  present  the  Dunias  method  is 
employed  in  certain  cases  where  the  presence  of  a  foreign  gas  in  the 
vapor  must  be  avoided. 

The  Method  of  Oay-Lnssac. — The  method  devised  by  Gay-Lussac* 
for  determining  the  densities  of  vapors  is  based  upon  a  principle 
which  is  (juite  different  from  that  which  we  have  just  considered. 
In  the  method  of  Dnmas  the  vapor  required  to  fill  a  given  volume 
was  weighed.  In  the  method  of  Gay-Lussac  a  weighed  amount  of 
substance  is  converted  into  vapor,  and  the  volume  of  the  vapor 
measured.  The  method  as  originally  proposed  by  Gay-Lussac  con- 
sists in  placing  a  known  weight  of  liquid  in  a  calibrated  vessel  over 
mercury.  The  whole  is  then  wai'med  until  the  liquid  is  converted 
into  vapor.  The  temperature  is  noted,  also  the  volume  of  the  vapor. 
The  latter  is  reduced  to  standard  conditions,  a  correction  being  in- 
troduced for  the  tension  of  the  mercury  vapor.  This  method  has 
been  so  greatly  improved  that  the  original  is  no  longer  used. 

Hofmann's  Hodifloation  of  the  Oay-Laaiao  Method.  —  The  modifi- 
cation of  IJie  Gay-LuBsac  apparatus  proposed  by  Hofmann*  consists 
in  elongating  the  inner  tube  beyond  the  barometric  height  so  that 

'Buff:   Popff.  ^nn.  M,  242  (1831).    Marchund;  Journ.proW.  CAem.  M,  38 
(1848).     Victor  Meyer  t  Btr.  d.  chem.  Qeifll.  IS,  399,  2019  (1880). 
*  GitKomH.  Melhoiten,  second  edition,  p.  154. 
•Blot!   Traiti,  I,  p.  201. 
<  Ber.  d.  chem.  QetiU.  1,  198  (1808)  ;  9,  1304  (187S). 
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a  vacuum  will  exist  in  the  top  of  the  tube.  The  substance  is  intro- 
duced into  the  tube  over  the  mercury  and  volatilized  under  diminished 
pressure.    The  apparatus  is  shown  in  the  following  figure. 

The  calibrated  tube  A  rests  in  a 
mercury  reservoir  /?,  and  is  more 
than  76  cm.  long.  It  is  fastened 
into  a  vapor-jacket  J  into  which 
vapor  enters  at  a,  and  leaves  at  6. 
m  is  a  bar  of  metal  terminating  in 
an  adjustable  point,  which  is  brought 
down  to  the  surface  of  the  mercury ; 
the  cross-hairs  attached  to  the  bar  at 
h  serving  to  read  more  accurately 
the  height  of  the  mercury  in  the 
tube  A. 

After  the  substance  is  converted 
into  vapor  the  volume  of  the  vapor 
is  read  and  reduced  to  standard  con- 
ditions. Knowing  the  weight  of  the 
substance  and  the  volume  of  vapor, 
the  density  of  the  vapor  is  calculated 
at  once.  The  advantage  of  the  modi- 
fication proposed  by  Hofmann  is  that 
the  substance  is  converted  into  vapor 
at  a  temperature  below  its  boiling- 
point   under    atmospheric    pressure. 

Thus,  the  vapor-density  of  many  substances  which  would  decompose 
if  boiled  under  atmospheric  pressure  can  be  determined.  Indeed, 
Hofmann  devised  this  method  especially  for  use  with  organic  sub- 
stances which  would  easily  decompose. 

The  Oas-diBplacement  Method  of  Victor  Meyer.  —  A  method  of 
determining  vapor-densities  was  devised  by  Victor  Meyer  ^  in  1878, 
which  has  practically"  supplanted  all  other  methods,  except  in  very 
special  cases.  The  method  consists  in  volatilizing  a  small  weighed 
portion  of  substance  in  a  tube  filled  with  air,  and  collecting  and 
measuring  the  volume  of  air  which  is  displaced. 

The  apparatus  used  is  seen  in  Fig. '7.  The  inner  vessel  A  is 
surrounded  by  a  glass  jacket  J,  in  which  is  boiled  some  substance 
which  will  heat  ^  to  a  constant  temperature,  and  at  the  same  time 
to  the  temperature  desired.    The  tube  A  is  closed  above  with  a 


Fio.  6. 


1  Ber.  d,  chem.  QeselL  11,  1867,  2253  (1878). 
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stopper,  and  from  the  central  tube  a  side  tube  runs  over  to,  and 
under,  a  calibrated  tube  filled  with  water  and  dipping  into  a  water 
reservoir.  The  substance  to  be  used  is  weighed  in  a  weighing  tube 
which  is  closed  loosely  at  the  top,  and  introduced,  when  desired, 
into  the  top  of  A,     In  carrying  out  a  determination,  a  liquid  which 

has  a  higher  boiling-point  than  the  substance 
whose  vapor-density  is  to  be  determined  is 
placed  in  the  outer  jacket.  This  liquid  is 
boiled,  and  a  part  of  the  air  in  the  inner  vessel 
is  driven  out.  When  no  more  air  escapes  from 
the  side-tube,  the  tube  containing  a  weighed 
amount  of  substance  is  introduced  into  the 
top  of  Aj  and  rests  on  the  rod  r.  When 
temperature  equilibrium  has  been  perfectly 
established,  the  mouth  of  the  side-tube  is 
placed  under  the  measuring  tube  in  the  water 
tank,  the  rod  r  drawn  back,  and  the  smaU 
vessel  containing  a  weighed  amount  of  the 
substance  allowed  to  drop  to  the  bottom  of  A, 
The  substance  volatilizes,  drives  out  the 
loosely  fitting  cork  from  the  weighing  tube, 
and  then  displaces  air  from  the  tube  A,  The 
displaced  air  is  received  in  the  measuring 
tube  tj  and  its  volume  is  equal  to  the  volume 
of  vapor  formed  in  the  tube  A  by  the  known 
weight  of  the  substance  introduced.  We 
know  the  amount  of  substance  used,  also  the 
volume  of  the  air  displaced,  which  is  equal  to 
the  volume  of  vapor  formed;  consequently 
the  density  of  the  vapor  of  the  substance. 

A  very  small  amount  of  substance  suffices 
for  determining  vapor-density  by  this  method, 
and  the  method  can  be  used  at  very  high 
temperatures.  At  higher  temperatures  vessels 
of  glass  cannot  of  course  be  employed,  but  porcelain  can  be  used. 
Berlin  porcelain  can  be  employed  up  to  1600®,  and  other  more 
resistant  forms  of  porcelain*  can  be  used  up  to  1700®,  or  perhaps 
a  little  higher.  Platinum  vessels  can  be  used  up  to  1700®.  There 
is  no  material  known  which  can  be  used  above  1800®. 

The  great  advantage  of  this  method,  in  addition  to  the  small 


/  \ 


Fio.  7. 


1  BilU:  Z<8cAr.  pAy«.  CAm.  19,  406  (1S87). 
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amount  of  substance  required,  is  that  the  temperature  of  the  experi- 
ment does  not  need  to  be  known.  It  is  only  necessary  to  keep  the 
temperature  constant  before  and  after  the  introduction  of  the  sub- 
stance. The  gas-displacement  method  is  so  far  superior  to  all  others 
at  high  temperatures  that  it  has  practically  supplanted  them  all. 

It  is  not  necessary  to  fill  the  vessel  A  with  air.  This  may  be 
replaced  by  an  indifferent  gas,  in  case  the  oxygen  of  the  air  would  act 
chemically  upon  the  substance  to  be  vaporized.  Thus,  if  we  were 
determining  the  vapor-density  of  arsenic  or  sulphur,  oxygen  must  be 
excluded,  and  the  vaporizing  vessel  could  be  filled  with  nitrogen  or 
hydrogen.  If  the  vapor  of  magnesium  was  being  studied,  nitrogen 
could  not  be  used,  since  it  would  act  chemically  upon  the  magnesium. 

The  gas-displacement  method  of  Victor  Meyer  has  also  been  used 
under  diminished  pressure,^  and  the  vapor-densities  of  substances 
determined  considerably  below  their  boiling-points.  The  advantage 
of  increased  stability  of  the  substance  at  the  lower  temperature  has 
already  been  mentioned.  A  number  of  modifications  of  Meyer's 
method  have  been  devised  for  working  at  diminished  pressures. 
La  Coste*  places  the  whole  apparatus  under  diminished  pressure. 
Lunge  and  Neuberg '  also  work  at  known  pressure,  while  Traube  * 
reads  the  volume  of  displaced  air  at  the  diminished  pressure  of  the 
experiment.  Bleier  *  devised  an  ingenious  manometer  for  measuring 
accurately  very  small  pressures,  and  together  with  Kohn  determined 
the  vapor-density  of  sulphur  at  very  small  pressures. 

Method  of  Bonsen.  —  Bunsen^  has  devised  a  rough  method  of 
determining  the  relative  densities  of  gases.  Gases  under  the  same 
pressure  pass  through  a  small  opening  with  velocities  which  are  in- 
versely as  the  square  roots  of  their  densities.  The  method  consists 
in  allowing  equal  volumes  of  different  gases  to  pass  through  a  very 
fine  hole  in  a  platinum  plate,  which  covers  the  top  of  the  cylinder 
containing  the  gas,  and  noting  the  time  required.  The  cylinder  is 
immersed  in  mercury,  which  enters  from  below  as  the  gas  escapes  at 
the  top.  The  method  is  not  capable  of  any  very  great  refinement,  and 
the  results  obtained  by  means  of  it  are  only  close  approximations. 

1  BtT.  d,  ehem.  GeselL  38,  311  (1800).  Bleier :  Monatsh.  80,  605, 009  (1800) ; 
21,  676  (1900). 

>  Ber.  d,  chem.  Gesell.  18,  2122  (1886). 

*  Ibid.  84,  720  (1801).  See  Traube:  Physikalisch-chemische  Methoden^ 
p.  34. 

*  Physikalisch-chemische  Methoden,  p.  34. 

*  Monatsh.  80,  000  (lOUO). 

*  Oasomet.  Method.,  p.  160. 


58 


THE   ELEMENTS  OF  PHYSICAL  CHEMISTRY 


I 


Of  the  methods  considered  for  determining  the  densities  of 
vapocs,  that  of  Meyer  ia  by  far  the  moat  generally  applicable.  The 
method  of  Gay-Lusaac  and  the  modification  proposed  by  Hofmann 
are  seldom  used.  The  method  of  Dumas  is  used  at  present  only  in 
special  cases,  to  whii^h  reference  will  be  made  iu  detail  a  little  later, 

Benilta  of  Vapor-dendty  MeasnrementB.  —  Tbe  vapor-denaitiea  of 
elementary  gases  have  shown  luauy  interesting  and  surprising  rela- 
tions between  the  number  of  atoms  contained  in  the  molecuies  of 
theae  substances.  The  molecular  weights  of  a  number  of  elementary 
gases,  calculated  from  their  densities,  show  that  the  molecule  is  made 
up  of  two  atoms.  This  applies  to  hydrogen,  oxygen,  nitrogen,  chlo- 
rine, bromine,  and  a  number  of  others.  The  vapor-densities  of  mer- 
cury, cadmium,  and  gluciuum  ahow  that  the  molecule  is  monatoniic, 
or  that  the  molecule  and  atom  are  identical.  On  the  other  hand,  the 
molecules  of  phosphorus,  sulphur,  etc.,  contain  more  than  two  atoms, 
if  the  temperature  to  which  they  are  heated  is  not  too  high. 

The  vapor-density,  and,  therefore,  the  number  of  atoms  contained 
in  the  molecule,  varies  in  some  oases  with  the  temperature.  Take 
the  case  of  sulphur.  The  vapor-density  at  about  500°  C.  gives  a 
molecular  weight  which  is  about  six  times  the  atomic  weight  of 
sulphur;  or,  in  a  word,  at  this  temperature  the  molecule  of  sulphur 
consiats  of  six  atoms.  The  vapor-density  of  sulphur  at  about  800" 
shows  a  molecular  weight  of  70,  and  at  about  1100°  of  approxi- 
mately 64.  The  molecule  of  sulphur,  which  contains  six  atoms 
at  the  lower  temperature,  has  therefore  broken  down  at  the  higher 
temperature  into  three  molecules,  containing  two  atoms  each. 

Similar  results  were  obtained  with  phosphorus.  At  500*  C.  there 
are  four  atoms  in  the  molecule.  The  vapor-density  becomes  con- 
tinually less  with  rise  in  temperature,  until  at  about  1700°  C.  the 
molecule  of  phosphorus  contains  only  three  atoms- 

The  case  of  iodine  is  especially  interesting.  At  temperatures 
from  200°  to  600°  the  molecule  of  iotline  consists  of  two  atoms.  As 
the  temperature  rises,  V.  Meyer'  on  the  one  hand,  and  Crafta  and  F. 
Meier'  on  the  other,  found  that  the  vapor-density  decreases,  and 
that  above  1400°  the  density  is  only  about  one-half  the  value  at  the 
lower  temperature.  Above  1600°  it  is  (juite  certain  that  the  vapor- 
density  of  iodine  would  remain,  constant,  since  at  this  temperature 
the  atom  and  molecule  would  be  identical,  aud  no  further  dissoci- 
ation of  the  molecules  could  take  place. 


Ber.  d.  ekem.  GneU.  IS.  3D4.  1010  (1680; 
ibU.  IS,  861  (1880).    CompC,  rend,  es,  3' 
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This  dissociation  of  more  complex  iuto  simpler  molecules  is  not 
limited  to  elementary  gases.  The  molecule  of  arsenious  oxide  from 
SOO^'-TOC  is  shown  by  its  vapor-density  to  have  the  composition 
As40e.  As  the  temperature  rises,  the  vapor-density  becomes  less 
and  less,  and  at  1800°  it  corresponds  to  the  simpler  formula  AsjOj. 
Similarly,  vapor-density  methods  make  it  very  probable  that  the 
molecules  of  ferric  chloride  and  aluminium  chloride  correspond  to 
the  double  formulas  at  lower  temperatures;  and  that  these  more 
complex  molecules  break  down  into  the  simplest  molecules,  FeCla 
and  AICI3,  as  the  temperature  rises. 

In  working  either  with  elementary  gases  or  with  the  vapors 
of  compounds  which  undergo  dissociation,  the  method  of  Dumas  is 
greatly  to  be  preferred  to  that  of  Meyer,  since  in  the  latter  there  is 
always  present  a  considerable  quantity  of  some  foreign  gas,  which 
affects  the  amount  of  dissociation.  This  foreign  gas  dilutes  the  vapor 
whose  density  is  being  determined,  and  it  is  well  known  that  this 
will  change  the  amount  by  which  the  vapor  will  be  dissociated.  This 
accounts  for  the  difference  between  the  results  obtained  in  such  cases 
by  the  gas-displacement  method  and  the  method  of  Dumas. 

Abnormal  Vapor-densities.  Apparent  Exceptions  to  the  Law  of 
Avogadro.  —  The  vapor-densities  of  the  elementary  substances  men- 
tioned above  showed  that  the  molecules  of  some  vapors  contain  a 
number  of  atoms,  the  molecules  of  others  two  atoms,  while  in  some 
vapors  at  low  temperatures,  and  in  others  at  higher  temperatures, 
the  molecule  contains  one  atom,  or  the  molecular  weight  is  identical 
with  the  atomic  weight.  In  the  case  of  no  elementary  substance, 
however,  was  the  molecular  weight  found  from  vapor-density  less 
than  the  atomic  weight  of  the  element,  and  in  none  of  the  com- 
pounds thus  far  mentioned  was  the  molecular  weight  less  than  the 
sum  of  the  atomic  weights  of  the  elements  entering  into  the  com- 
pound. In  a  number  of  cases  the  molecular  weight  showed  that 
the  molecule  of  the  compound  was  the  simplest  possible,  but  there 
was  nothing  to  indicate  that  the  simplest  molecule  had  in  any  case 
broken  down  into  its  constituents.  We  must  now  turn  to  another 
class  of  phenomena.  The  molecular  weights  of  substances  like 
ammonium  chloride,  phosphorus  pentachloride,  choral  hydrate,  etc., 
calculated  from  their  vapor-densities,  were  less  than  the  sum  of  the 
atomic  weights  of  their  constituent  elements.  Thus,  the  vapor- 
density  of  ammonium  chloride,  corresponding  to  the  formula  NH4CI 
must  be  1.89,  while  Bineau  ^  f  oimd  the  value  0.89.    The  vapor-density 

1  Ann,  Chim.  Phya.  [2],  68,  440  (1838). 
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of  phosphorus  pentachloride  of  the  forraula  PCIj  must  be  7,20,  Ki 
niann '  found  by  the  method  of  Dumas  at  182"  the  value  5.08.  This 
decreased  with  rise  in  temperature  up  to  290°,  where  it  became  con- 
Btaut  at  3.7.  Similar  results  were  found  by  Caliours.*  A  number  of 
other  examples  similar  to  the  above  were  known,  but  these  suifice  to 
Illustrate  the  point.  The  explanation  of  these  abnormal  results  was 
not  furnished  at  once,  and  for  a  time  the  hypothesis  of  Avogadro  waa 
rather  at  a  discount  because  of  their  existence.  The  explanation, 
however,  has  been  furnished,  as  we  shall  now  see,  and  tlie  law  of 
Avogadro  thoroughly  substantiated. 

Explanation  of  the  Abnormal  Vapor-denutieB.  ~-  After  Deville  " 
had  shown  in  1857  that  majiy  themical  compounds  are  broken  down 
or  dissociated  by  heat,  it  occurred  to  CEinnizzaro,'  Kopp,'  and  others, 
that  the  abnormal  vapor-deiisities  of  substances  like  ammonium 
chloride,  phosphorus  pentachloride,  etc.,  might  be  due  to  the  disso- 
ciation of  these  substances  by  heat.  If  a  substance  like  ammonium 
chloride  was  dissociated,  one  molecule  would  yield  one  molecule  of 
ammonia  and  one  of  hydrochloric  acid.  One  molecule  of  phosphorus 
pentachloride  would  break  down  into  one  molecule  of  phosphorus 
trichloride  and  one  molecule  of  chlorine.  If  such  a  dissociation  did 
take  place,  it  would  account  for  the  abnormally  small  vapor-denaitiea 
found,  since  the  substances  in  the  form  of  vapor  would  occupy  a 
greater  space  than  if  there  was  no  dissociation.  But  this  did  not 
prove  that  such  a  dissociation  actually  took  place.  How  could  this 
point  be  tested? 

Take  the  case  of  ammonium  chloride;  if  it  is  dissociated  by  heat, 
it  would  yield  ammonia  and  hydrochloric  acid  in  equivalent  quanti- 
ties. It  would,  however,  be  exceedingly  difficult,  if  not  impossible, 
to  detect  either  ammonia  or  hydrochloric  acid  when  the  two  gases 
were  mixed  in  equivalent  quantities.  This  problem  was  solved  by 
I'ebal.*  He  made  use  of  the  different  rates  at  which  these  two  gases 
diffuse  to  separat.e  them,  in  part,  in  case  they  were  present  in  the 
vapor  of  ammonium  chloride.  The  apparatus  which  he  used  is  seen 
in  Fig.  8,  The  ammonium  chloride  rf,  rests  on  a  plug  of  asbestos  c, 
near  the  top  of  the  inner  tube,  which  ia  open  above.  A  stream  of 
liydrogen  is  passed  through  a  into  the  outer  part  of  the  apparatus, 

'  L(fb.  Ann.  SuppJ.  S,  341  (1887). 

*  Ann.  Chim.  Phy>.  [3],  BO.  373  (1847). 
»  Campt.  rrnd.  46,  857. 

*  Nuovo  Cimentn.  6,  128. 

*  Li*l>.  Ann.  lOS.  31)0  (1858). 
0  Ibid.  133.  10»  (1802). 
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and  another  stream  through  b  into  the  inner  part  of  the  apparatus. 
The  whole  is  heated  above  the  boiling-point  of  ammonium  chloride. 
If  the  salt  is  decomposed  when  it  volatilizes, 
the  ammonia  being  lighter  than  the  hydro- 
chloric acid  would  diffuse  more  rapidly 
through  the  plug  of  asbestos.  The  vapor 
in  the  inner  tube  below  the  plug  would 
therefore  contain  an  excess  of  ammonia. 
This  vapor  is  swept  out  by  means  of  the 
stream  of  hydrogen  gas,  and  made  to  pass 
over  a  piece  of  moist  red  litmus  paper  in 
the  vessel  B.  It  was  found  that  this  was 
colored  blue,  proving  the  presence  of  an 
excess  of  ammonia. 

The  vapor  remaining  in  the  inner  tube 
above  the  wad  of  asbestos  must  contain  an 
excess  of  hydrochloric  acid,  since  more 
ammonia  has  passed  through  the  asbestos 
than  hydrochloric  acid.     This  is  swept  out 

by  means  of  the  stream  of  hydrogen  in  the  outer  vessel,  and  passed 
over  a  piece  of  blue  litmus  in  the  vessel  A.  This  turned  red  at 
once,  showing  the  presence  of  free  hydrochloric  acid  in  this  gas. 
It  would  seem,  then,  that  Pebal  had  demonstrated  beyond  doubt 
that  the  vapor  of  ammonium  chloride  contains  both  free  ammonia 
and  free  hydrochloric  acid,  and,  therefore,  that  this  substance  is 

dissociated  by  heat. 

The  objection  was,  however, 
raised  to  the  experiment  of 
Pebal,  that  a  foreign  substance, 
asbestos,  had  been  used  in  con- 
tact with  the  vapor  of  ammonium 
chloride,  and  that  this  might 
have  caused  the  vapor  to  dis- 
sociate, or  at  least  might  have 
facilitated  the  breaking  down 
of  the  salt  by  heat.  This  objec- 
tion, while  apparently  having  but  little  foundation,  could  not  be 
ignored.  To  test  this  point  Than^  devised  the  following  appar- 
atus (Fig.  9):  The  tube  AB,  in  which  the  ammonium  chloride  is 
contained,  is  placed  horizontally,  and  the  septum  is  made  out  of 


Fig.  a 


1  Lieb.  Ann,  181,  129  (1864). 
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ammonium  chloride.  Nitrogen  is  passed  through  the  tube,  the 
ammonium  chloride  d  heated  with  a  lamp,  and  the  vapors  in  the 
two  sides  passed  over  colored  litmus,  as  In  the  experiment  of  Pebal. 
The  vapor  in  the  side  next  to  the  ammonium  chloride  was  found  to 
contain  free  hydrochloric  acid,  and  free  ammonia  was  shown  to  be 
present  in  the  vapor  which  had  dififused  tlirough  the  plug  of  am- 
monium chloride. 

It  is  thus  shown  beyond  queation  that  the  vapor  of  ammonium 
chloride  is  broken  down,  in  part,  into  ammonia  and  hydrochloric 
acid,  by  heat  aloue. 

The  work  of  Wanklyn  and  Robinson '  has  shown  that  phosphorus 
pentachloride  is  dissociated  by  heat  into  the  trichloride  and  chlorine. 
The  pentachloride  was  placed  in  a  short-necked  glass  flask,  in  which 
it  was  to  be  converted  into  vapor.  Over  the  neck  ot  this  flask  a 
wider  glass  tube  was  placed,  so  that  the  two  were  separated  by  an 
air-space.  Air  was  passed  in  through  the  upper  tube  and  escaped 
through  the  space  between  the  two  glass  tubes.  If  the  vapor  of  the 
pentachloride  was  dissociated  by  heat  into  the  trichloride  and  chlo- 
rine, these  would  difEuse  with  different  velocities  into  the  upper 
portion  of  the  vessel,  since  they  have  different  vapor-densities. 
They  wonld  then  be  swept  out  by  the  current  of  air  in  different 
quantities,  the  chlorine  being  in  excess  since  it  is  the  lighter,  and 
would,  therefore,  diffuse  more  rapidly  into  the  upper  portion  of  the 
vessel. 

Free  chlorine  was  proved  to  be  present  in  the  vapors  which 
escaped,  and  analysis  showed  an  excess  of  phosphorus  trichloride 
remaining  in  the  flask.  Therefore,  the  phosphorus  pentachloride 
was  broken  down,  in  part  at  least,  by  heat  into  its  constituents. 
This  conclusion  was  confirmed  by  the  observation  that  as  the  vapor 
of  phosphorus  pentachloride  is  heated  higher  and  higher  it  becomes 
colored  more  deeply  greenish  yellow,  —  the  characteristic  color  of 
chlorine  itself. 

The  vapor  of  chloral  hydrate  —  CCIj  COH .  HjO  —  was  shovni  by 
Wurtz*  to  contain  water-vapor.  Dehydrated  potassium  oxalate 
absorbed  water  from  the  vapor  of  this  substance,  and  thus  dimin- 
ished its  vapor-tension  very  considerably. 

It  was  thus  shown  that  the  compounds,  ammonium  chloride, 
phosphorus  pentachloride,  and  chloral  hydrate,  are  dissociated  by 
heat      The  abnormal   vapor-densities  are    then  satisfactorily  ac- 


'  Compt.  rrnd.  68,  64fl  ;  Jotim.  prakl.  Chrm.  SB,  400  ( 
'  Compt.  nod.  H,  977  (1877);  80,  1170  (1878). 


J 


GASES  63 

counted  for,  and  instead  of  these  substances  presenting  any  real  ex- 
ceptions to  the  law  of  Avogadro,  they  furnish  a  beautiful  confirma- 
tion of  the  law. 

The  same  explanation  undoubtedly  applies  to  other  substances 
whose  vapor-densities  are  abnormally  small.  They  are  more  or  less 
broken  down  by  heat  into  their  constituents ;  the  amount  of  the  dis- 
sociation increasing  with  the  temperature. 

Dissociation  of  Vapors  diminished  by  an  Excess  of  One  of  the 
Products  of  Dissociation.  —  A  discovery  was  made  in  connection 
with  the  study  of  dissociating  vapors,  which  has  proved  to  be  of  the 
very  highest  importance.  If  there  is  present  an  excess  of  either  of 
the  products  of  dissociation,  the  amount  of  the  substance  decom- 
posed is  lessened.  Thus,  ammonium  chloride  is  less  dissociated  if 
there  is  present  an  excess  of  either  ammonia  or  hydrochloric  acid. 
Similarly,  phosphorus  pentachloride  is  much  less  decomposed  at  a 
given  temperature  if  there  is  present  an  excess  of  either  phosphorus 
trichloride  or  chlorine,  as  Wtlrtz  ^  has  shown.  Indeed,  the  vapor  of 
phosphorus  pentachloride  is  scarcely  dissociated  at  all  by  heat  in 
the  presence  of  an  atmosphere  of  phosphorus  trichloride,  or  of  chlo- 
rine. The  vapor-density  of  phosphorus  pentachloride  in  an  atmos- 
phere of  the  trichloride  was  found  to  be  about  209,  while  the 
calculated  vapor-density  is  208. 

This  is  a  perfectly  general  principle,  illustrated  by  phosphorus 
pentachloride  and  ammonium  chloride.  The  dissociation  of  sub- 
stances in  general  by  heat  is  driven  back  by  an  excess  of  any  one  of 
the  products  of  dissociation.  This  is  the  first  example  thus  far  met 
with  of  the  effect  of  mass  on  chemical  activity.  The  importance  of 
the  action  of  mass  will  be  more  clearly  seen  as  the  subject  develops. 


SPECIFIC  HEAT  OF  GASES 

Specific  Heats  at  Constant  Pressure  and  at  Constant  Tolnme. — 
The  amount  of  heat  required  to  produce  a  given  rise  in  temperature 
in  equal  quantities  of  different  gases,  under  the  same  conditions, 
varies  from  gas  to  gas.  This  is  usually  expressed  by. saying  that 
each  gas  has  its  own  definite  capacity  for  heat.  If  we  represent  the 
amount  of  heat  added  by  cW,  and  the  rise  in  temperature  by  dt,  the 
heat  capacity  c  is  expressed  thus :  — 

c  =  --— 
dt 

^  Compt.  rend.  76,  001. 
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The  heat  capacities  of  unit  quantities  of  gases  are  termed  their 
specific  heats.  If  we  represent  unit  mass  by  «i,  the  specific  heat  C 
is  expressed  thus ;  — 

The  specific  heat  of  a  gas  has  been  found  to  vary  greatly  with 
the  pressure.  If  the  gas  is  allowed  to  expand  as  it  is  heated,  so 
that  the  pressure  remains  constant,  it  has  a  definite  specific  heat, 
which  is  te.rmed  its  specific  heat  at  constant  pressure.  This  is  usu- 
ally represented  by  C'^  If,  on  the  contrary,  the  volume  of  the  gas 
is  kept  constant  as  the  temperature  rises,  —  the  pressure  increasing, 
— the  gas  has  a  different  specific  heat.  This  is  termed  its  specific 
heat  at  constant  volume,  and  is  usually  written  C^ 

These  two  specific  heats  for  the  same  gas  are  very  different,  as 
we  shall  see,  and  we  must  always  carefully  distinguish  between 
them. 

Determinatioii  of  Specific  Heats  at  Constant  Frestore  and  at 
Constant  Volume.  —The  gas  is  warmed  to  a  known  temperature  and 
then  allowed  to  flow  tlirough  a  tube  surrounded  by  water  in  a  care- 
fully protected  calorimeter.  The  original  and  final  temperatures  of 
the  gas  and  its  mass  being  known,  also  the  mass,  specific  heat,  and 
rise  in  the  temperature  of  the  water,  we  have  the  data  necessary 
for  calculating  the  specific  heat  of  the  gaa  under  constant  pressure. 
In  connection  with  the  specific  heat  of  gases  at  constant  pressure,  we 
should  mention  especially  the  older  work  of  Begnault '  and  the  more 
recent  work  of  E.  Wiedemann.' 

Kegnault  found  that  the  specific  heat  of  a  number  of  gases,  such 
as  oxygen,  hydrogen,  etc.,  was  a  coDstant,  independent  of  the  tem- 
perature, while  the  specific  heat  of  carbon  dioxide  changed  very 
considerably  with  the  temperature.  That  the  specific  heat  of  gases 
is  somewhat  dependent  upon  the  temperature  has  been  shown  by 
the  more  recent  work  of  Le  Chatelier'  and  others.  The  specific 
heats  of  different  gases  tend  more  nearly  to  the  same  value,  the 
lower  the  temperature. 

A  few  of  the  results  of  Regnault  are  given  below.  These  are 
calculated,  not  for  equal  amounts  of  the  different  gases,  but  for 
quantities  which  bear  the  same  relation  to  one  another  as  the  molec- 
ular weights.     These  are  known  as  "  molecular  heats." 

"  Paris,  1802. 

'  P..gg.  Ana.  IST.  1  (ISTB).     Wted.  Ann.  S.  106  (1877). 
"  Cnmpt.  rrnd.  M,  fi02  (1881).     Beibl  i  Wie<l.  Ann.  14,  304  (1800).     Ztaclir. 
phyt.  CAem.  1,  450  (1687). 
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Oxygen,  0» 

« 

Nitrogen,  N2 
Hydrogen,  H2  . 
Chlorine,  CI2     . 
Hydrochloric  acid,  HCl 
Carbon  dioxide,  CO2 
Hydrogen  sulphide,  H2S 
Carbon  bisulphide,  CS2 
Benzene,  CeHe  . 
Ether,  C4H10O  . 
Acetone,  CsHeO 
Stannic  chloride,  SnCU 


molkoulab 
Wbight 


32 

28 

2 

70.9 
36.6 
44.0 
34.0 
76.0 
78.0 
74.0 
58.0 
259.8 


MOLXOTTLAB  HXAT 

AT  Constant  Pbbssubb 


6.96 

6.83 

6.82 

8.58 

6.68 

9.55 

8.27 

11.93 

29.28 

35.50 

23.92 

24.39 


E.  Wiedemann  improved  the  method  of  Regnault  in  a  number  of 
ways.  With  less  elaborate  apparatus  he  was  able  to  obtain  as  satis- 
factory results  as  Eegnault  had  done.  Instead  of  using  such  a  long 
tube  and  large  calorimeter  through  which  the  gas  must  pass  to 
restore  temperature  equilibrium,  he  filled  the  tube  with  silver  turn- 
ings.* This  offered  a  larger  surface  to  the  gas,  and  temperature 
equilibrium  was  established  in  a  much  shorter  tube.  The  results 
of  Wiedemann's  investigations  are  quite  as  accurate  as  Regnault's. 
He  also  found  that  the  specific  heats  of  gases  are  somewhat  depend- 
ent upon  the  temperature. 

To  measure  directly  the  specific  heats  of  gases  at  constant  volume, 
the  gas  must  be  placed  in  a  vessel  which  will  withstand  great  press- 
ure without  change  in  volume,  and  the  gas  and  vessel  must  be 
heated  to  the  desired  temperature.  The  gas  and  vessel  must  then 
be  introduced  into  the  calorimeter.  A  moment's  reflection  will  show 
that  the  heat  given  out  by  the  vessel  will  be  much  greater  than  that 
by  the  gas,  and,  therefore,  all  experimental  errors  will  accumulate 
on  the  comparatively  small  quantity  of  heat  given  up  to  the  calorim- 
eter by  the  gas  when  it  cools.  For  this  reason  accurate  measure- 
ments of  the  specific  heats  of  gases  at  constant  volume  are  impos- 
sible. It,  however,  has  been  found  that  the  specific  heat  at  constant 
volume  is  always  less  than  at  constant  pressure. 

The  specific  heats  of  gases  at  constant  volume  have,  however, 
been  calculated  from  the  specific  heats  at  constant  pressure  by  the 


1  Wied  Ann,,  157,  1  (1876). 
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aid  of  thermodynamics.  Instead  of  using  specific  heats  referred  to 
equal  weights  of  gases,  molecular  heats  have  been  employed,  and  an 
unusually  intcresling  and  important  relation  between  the  molecular 
heats  at  constant  pressure  and  the  molecular  heats  at  constant  vol- 
ume has  been  discovered.  We  will  now  follow  in  some  detail  the 
method  by  which  tliis  relation  has  beeu  pointed  out. 

The  Uechanical  Theory  of  Heat  and  the  Hechanical  Equivalent 
of  Heat.  —  Kefore  attempting  to  deduce  any  relatiim  betHcen  the 
specitic  heat  at  constant  pressure  and  the  specific  heat  at  constant 
volume,  we  should  raise  the  question  as  to  why  there  should  be  any 
difference  between  the  two;  and  further,  why  should  the  specific 
heat  at  constant  pressure  be  greater  than  at  constant  volume? 

If  we  inquire  into  what  takes  place  when  a  gas  is  warmed,  on  the 
one  hand  at  constant  pressure,  and  on  the  other  at  constant  volume, 
we  would  be  impressed  at  once  by  this  difference.  When  a  gas  is 
heated  at  constant  pressure,  it  expands,  occupying  a  larger  volume. 
In  expanding  it  must  drive  back  the  air,  or,  as  we  say,  do  work. 
When  a  gas  is  heated  at  constant  volume  it  cannot  espan*!,  and, 
therefore,  does  not  do  external  work.  There  is  tlius  a  marked  dif- 
ference in  the  conditions  under  which  the  gas  is  warmed. 

If  heat  were  consumed  iu  doing  work,  then  we  could  imderatand 
why  the  amount  of  heat  required  to  raise  the  temperature  of  a  gas  a 
given  amount  was  greater  at  constant  pressure  than  at  constant 
volume.  And  since,  under  the  same  conditions,  a  gas  always  gives 
out  the  same  amount  of  heat  when  cooled  over  a  certain  range  in 
temperature,  as  was  required  to  raise  it  over  this  same  range  of  tem- 
perature, we  could  see  why  the  specific  heat  at  constant  pressure 
would  be  greater  than  the  specific  heat  at  constant  volume. 

As  is  well  known,  this  is  exactly  what  takes  place.  When  work 
is  done  by  an  expanding  gas,  heat  is  always  consumed,  Indeed,  a 
gas  can  be  made  to  cool  itself  very  considerably  by  simply  allowing 
it  to  expand  and  do  work.  We  have  then  a  qualitative  relation  be- 
tween heat  and  work.  This  qualitative  relation  was  pointed  out  in 
1841  by  Julius  Kolrert  Mayer,  and  this  marks  the  beginning  of  the 
mechanical  theory  of  heat  Mayer  went  much  farther  than  the 
merely  qualitative  stage,  and  made  it  probable  that  the  amount  of 
heat  consumed  in  compressing  a  gas  was  exactly  equivalent  to  the 
amount  of  work  done.  He  thus  showed  that  heat  and  work  are  of 
similar  nature,  and  that  force,  or  what  we  now  call  energy,  is  ia 
indestructible  as  matter. 

If  heat  and  work  are  equivalent,  and  if  the  disappearance  of  a 
definite  amount  of  heat  means  the  production  of  a  fixed  amount  of 
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work,  it  still  remains  to  determine  the  relation  between  the  two  — 
to  determine  the  mechanical  equivalent  of  heat. 

The  mechanical  equivalent  of  heat  was  determined  with  unusual 
accuracy,  for  the  time  when  the  experiment  was  carried  out,  by 
Joule.  He  converted  a  known  amount  of  work  into  heat  by  friction, 
and  measured  the  amount  of  heat  produced.  According  to  Rowland 
the  amount  of  heat  required  to  raise  one  gram  of  water  from  zero 
to  one  degree  is  equivalent  to  about  42.550  gram-centimetres  of  work. 

We  have  now  expressed,  in  the  mechanical  equivalent  of  heat,  the 
quantitative  relation  between  heat  and  work. 

Ratio  between  the  Specific  Heats  calculated  from  the  First  Law  of 
Thermodynamics.  —  It  was  shown  by  the  combined  labors  of  Mayer, 
Joule,  Helmholtz,  and  others,  that  heat  and  all  other  forms  of  energy 
are  indestructible,  and  also  cannot  be  created.  This  is  usually  stated 
as  the  first  law  of  thermodynamics.  As  this  law  denies  the  possi- 
bility of  creating  energy,  it  shows  that  the  so-called  perpetual 
motion  of  the  first  class,  which  would  depend  upon  the  creation  of 
energy,  is  impossible. 

The  relation  between  the  specific  heat  of  a  gas  at  constant 
pressure  and  the  specific  heat  at  constant  volume,  can  be  calculated 
at  once  from  the  first  law  of  thermodynamics. 

If  we  have  a  substance  containing  E  amount  of  energy  and  we 

add  d$  amount  of  heat,  the  change  in  the  energy  of  the  body,  dE, 

will  be  equal  to  the  amoimt  of  heat  added,  if  no  external  work  is 

done,    li  dW  external  work  is  done,  we  would  have  the  following 

relation :  — 

de  =  dE-\-  dW.  (1) 

But  the  external  work,  dW^  is  equal  to  the  pressure,  p,  times  the 
change  in  volume  dv,  supposing  the  pressure  to  remain  constant :  — 

de  =  dE-^  pdv.  (2) 

The  energy,  E,  will  be  dealt  with  as  a  function  of  the  temperature 
and  volume  — 

dE  =  ^dT+^dv, 
dT  dv 

The  last  member  of  this  equation,  the  change  in  energy  with  the 

dE 
change  in  volume,  -—  dv,  is  equal  to  zero  for  gases ;  since  the  inner 

energy  of  a  gas  does  not  change  with  change  in  volume,  when  no  ex- 
ternal work  is  done.    Equation  (2)  becomes  then  — 

de=^dT  +  pdv.  (3) 
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If  the  Tolumeis  conatant,  du  =  0.  ■.-  ~f^=-T7f,-  The  term  ^ 
is  the  specific  heat  of  the  gaa  at  constant  volume,  which  we  will  now 
call  C,.  dB  d  dd 

If  the  pressure  is  conatajit,--;=0,+p-T^.    But  -—-is  the  specific 

heat  at  constant  pressure,  C^.     Therefore, — 


Returning  to  the  general  equation  for  gaa-preasure,  po  =  RT,  we  see 
that  if  p  is  constant,  pdv  =  RdT. 

Substituting  this  value  oipde  in  equation  (4),  we  obtain  — 


C,  =  C,  +  li- 


(5) 


The  specific  heat  at  constant  pressure  is  equal  to  the  specific  heat  at 
conatant  volume  plus  the  gas-constant  R.* 

It  only  remains  to  determine  the  value  of  R  in  heat  unita  in  order 
to  calculate  the  specific  heat  at  constant  volume  from  the  specific 
heat  at  constant  pressure.  The  equation  C^—  C,  =  R  shows  that 
the  work  done  in  expanding  under  constant  pressure,  for  a  rise  of 
one  degree  in  temperature,  is  the  same  for  all  gases,  since  R  ia  & 
constant  for  all  gases.  Let  us  deal  with  gram-molecular  weights, 
and  we  can  calculate  the  value  of  R  very  aimply,  since  R  =  ~^,  as 
we  have  aeen.  A  gram-molecular  weight  of  a  gas  under  a  pressure  of 
one  atmosphere  (76  cm.  of  Hg)  occupies  a  volume  of  22,376  cm. 
Since  the  weight  of  an  atmosphere  is  1033.2  grams,  we  have  — 


B  = 


22376  X  1033.2 
273 


84,685. 


R  is  equal  to  84,685  gram-centimetres  of  work.     We  know,  howei 
that  42.550  gram-centimetres  of  work  are  equivalent  to  the  amount 
of  heat  required  to  raise  one  gram  of  water  from  0°  to  1°  C. — to  one 
calorie.    Therefore,  — 

R  =  2  calories, 

or  more  exactly,  according  to  recent  determinations  of  the  mechani- 
cal equivalent  of  heat,  to  1.99  calories.  This  applies  to  the  molecular 
heats  of  gases.  In  case  we  are  dealing  with  unit  weights,  we  repre- 
sent the  specific  heat  at  constant  pressure  by  C,  and  the  specific 


!T8^^^ 


'  For  B  fuller  discusaion  see  Ostwald  ;  Lehrh.  A.  aUij.  Chem.  I,  234. 
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at  constant  volume  by  C7,.    The  above  equation  for  molecular  heats 

becomes  then  —  o 

C7p  —  C;  = 


M 


where  Jf  is  the  molecular  weight  of  the  gas. 

Returning  to  the  molecular  heats  at  constant  pressure,  it  is  neces- 
sary to  subtract  2  from  them  to  obtain  the  molecular  heats  at  con- 
stant volume.  The  following  table  contains  the  molecular  heats  of  a 
few  gases  at  constant  pressure  and  at  constant  volume.  In  the  last 
column  the  ratio  between  the  two  is  given. 


MOUCCULAB  HkAT 

MoLKOULAB  Heat 

(^ 

AT  C!ON8TAirT 

AT  GOKBTAMT 

c\ 

PBB88intX,     Cp 

Volume,  CV 

Batio 

Oxygen 

6.96 

4.96 

1.40 

Nitrogen    . 

6.83 

4.83 

1.41 

Hydrogen  . 

6.82 

4.82 

1.41 

Chlorine    . 

8.58 

6.68 

1.30 

Bromine     . 

8.88 

6.88 

1.29 

Hydrochloric  acid 

6.68 

4.68 

1.43 

Carbon  dioxide  . 

9.55 

7.56 

1.26 

Sulphur  dioxide 

9.88 

7.88 

1.26 

Carbon  bisulphide 

11.93 

9.93 

1.20 

Ethylene    . 

11.31 

9.31 

1.21 

Methyl  alcohol  . 

14.66 

12.66 

1.16 

Chloroform 

18.71 

16.71 

1.12 

Ethyl  bromide  . 

19.66 

17.66 

1.11 

Ethylene  chloride 

22.67 

20.67 

1.10 

Acetone 

23.92 

21.92 

1.09 

Stannic  chloride 

24.39 

22.19 

1.09 

Ether 

35.60 

33.60 

1.06 

Oil  of  tnrpentine 

68.80 

66.80 

1.03 

The  last  column  in  this  table  contains  the  most  interesting  results. 
The  ratio  between  the  specific  heats  is  not  a  constant,  as  could  be 
foreseen  from  the  method  of  calculating  the  specific  heat  at  constant 
volume  from  the  specific  heat  at  constant  pressure.  The  ratio  neces- 
sarily decreases  as  the  specific  heats  of  the  substances  increase. 

It  should  be  noted  that  the  specific  heats  of  compounds  are,  in 
general,  higher  than  the  specific  heats  of  the  elements ;  and,  further, 
that  the  compounds  with  a  large  number  of  atoms  in  the  molecule 
have  a  greater  specific  heat  than  those  with  a  smaller  number.  There 
are  exceptions  to  these  statements,  but  they  are  in  general  true. 
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The  apecLfic  heat  at  constant  volume  is  thus  calculated  from  the 
specific  heat  at  constant  pressure,  and  the  ratio  of  the  two  ascertained 
in  this  way.  It  is  a  matter  of  importance  to  determine  the  ratio  be- 
tween the  two  specific  heats  directly  by  experiment.  This  has  been 
successfully  accomplished. 

Determination  of  the  Aelatiou  between  the  Speoiflc  Heats  of  a  Gas. 
—  A  number  of  methods  have  been  suggested  and  used  to  determine 
the  ratio  o£  the  two  specific  heata  of  a  gas,  but  of  these  only  one— 
the  best  and  most  convenient  of  them  all  —  will  he  considered. 
Reference'  is,  however,  given  to  other  modes  of  procedure. 

Dulong'  first  employed  the  velocity  of  sound  in  the  gas  to  deter- 
mine the  ratio  between  its  specific  heats. 

Instead  of  measuring  the  velocity  of  sound  in  the  gas  directly, 
Kundt'  measures  the  wave-lengths,  which  are  proportional  to  the 
velocity.  A  glasa  rod,  with  one  end  terminating  in  a  glass  tube 
filled  with  the  gas  to  be  investigated,  is  rubbed  along  its  length. 
The  gas  in  the  tube  is  thus  thrown  into  vibrations,  and  it  remains 
to  measure  the  wave-lengths  of  these  vibrations.  For  this  purpose 
some  light  powder,  say  lycopodium  or  finely  divided  cork,  is  added 
to  the  tube.  The  powder  moves  from  the  points  of  disturbance  to 
the  points  of  rest  in  the  gas  —  from  the  loops  to  the  nodes.  It  i» 
then  only  necessary  to  measure  the  distance  between  two  loops  or 
two  nodes  to  ascertain  the  length  of  the  wave  iu  the  gas.  Since  the 
velocity  of  the  sound  is  proportional  to  the  wave-length,  we  know  at 
once  the  velocity  of  the  sound  in  tlie  gas. 

The  ratio  between  the  specific  heats  of  any  gas  is  determined  at 
once  from  the  relative  lengths  between  the  nodes  in  the  gas  iu  ques- 
tion and  in  air,  knowing  the  ratio  for  air.  Let  3f  he  the  molecular 
weight  of  the  gas,  I,  and  I2  the  distance  between  two  nodes  in  the 
gas  and  in  air  under  the  same  conditions;  and  the  ratio  between  the 
specific  heats  of  air  is  1.4.  The  ratio  between  the  specific  heats 
the  gas  A'  is  obtained  thus  ;  — 


A  =  1.4- '- — 

28.88  li' 

The  ratio  between  the  specific  heats  of  a  gas,  determined  by 
acoustical  method,  agrees  very  closely  with  that  calculated  from 
first  law  of  thermodynamics  for  a  large  number  of  gases.     By  exam- 

AMDiann  :  Foffff.  Aaa.M,  1   (1952), 


■  Lllpla<^e  :  Micaa.  CHriif. 
MUller:   Wied.  Ann.  IB,  M  (181 

*  Ann.  Chim.  Phy».  [2],  41,  113  (1820).    Piujii.  Aon.  16,  438  (1820). 
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ining  the  table  of  results  on  page  69,  it  will  be  seen  that  the  ratio 
between  the  two  specific  heats  —  the  one  determined,  the  other  cal- 
culated —  does  not  exceed  1.43. 

The  direct  determination  of  the  ratio  between  the  two  specific 
heats  in  the  case  of  mercury  ^  gives  a  considerably  higher  value. 
And  the  same  applies  to  argon  and  helium,  as  will  be  seen  below :  — 


MoLBCULAB  Heat 
AT  Constant 
Pressure,  Cp 

Molecular  Heat 

AT  Constant 

Volume,  Cv 

Ratio 
Cv 

Mercury    .... 
Argon        .... 
Helium      .... 

1.66 
1.66 
1.66 

The  ratio  between  the  specific  heats  in  each  of  the  above  cases 
is  not  only  higher  than  the  ratio  for  many  other  gases,  as  previously 
calculated,  but  the  surprising  fact  comes  out  that  the  ratio  is  the 
same  for  all  three  elements.  What  can  this  mean  ?  It  can  scarcely 
be  an  accidental  agreement. 

We  shall  now  see  that,  on  the  contrary,  it  is  a  very  important 
fact  and  has  a  profound  significance,  throwing  much  light  on  the 
inner  nature  of  the  molecule  itself. 

Ratio  between  the  Specific  Heats  of  a  Oas  deduced  from  the 
Kinetic  Theory.  —  The  ratio  between  the  specific  heats  of  a  gas  can 
be  calculated  from  the  kinetic  theory  of  gases.*  We  have  already 
seen  that  the  difference  between  the  molecular  heat  at  constant 
pressure  and  at  constant  volume  is  equal  to  the  gas-constant  B,  and 

that  E  is  equal  to  ^^ :  — 
^  273 

'        •     273 

It  has  been  shown  from  the  kinetic  theory  of  gases  that  the  pressure 
times  the  volume  is  equal  to  two-thirds  the  kinetic  energy  of  the 
gas:  — 


^       3 


Therefore, 


c,-c,= 


273 


3^- 


(1) 


1  Kundt  and  Warburg :  Pogg.  Ann.  167,  363  (1876). 
*  Ostwald  :  Lehrh,  d.  allg.  Chem,  I,  261. 
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The  entire  energy  in  the  gas  (E)  is  the  heat  required  to  warm 
it  from  absolute  zero  to  the  temperature  in  question  at  constant 
volume.  This  is  increased  by  the  heat  required  to  warm  the  gaa 
{mm  0"  to  1°  by  jj^  of  E.  But  the  heat  requii-ed  to  warm  the 
from  0°  to  1°  at  constant  volume  is  the  apecitic  heat  at  constant 
volume  Cr  Therefore,  C.  =  j^  E.  Substituting  this  value  of 
in  equation  (1),  we  have  — 

a-a^2  A' 

C,  3  E 


LStant 
e  gaa       , 
e  gaa 
istant 


In  case  the  total  energy  in  the  gas  is  the  kinetic  energy  of  the 
molecules,  A'=  E,  and  we  would  have  — 


i>  =  1^=1.666. 
C.     3 

This  ratio  (1.666)  between  the  specific  heats  is  calculated  oa  tlie 

assumption  that  the  total  energy  in  the  gas  is  kinetic,  or  that  there 
is  no  intra  molecular  energy.  This  value  of  the  ratio  is,  therefore, 
a  maximum  value.  If  we  examine  the  ratios  between  the  specific 
heats  of  elementary  gases  already  given,  either  as  determined  directly 
by  the  acoustical  method  or  as  calculated,  we  shall  find  that  in  most 
cases  the  ratio  is  less  than  1.666,  and  in  no  case  does  it  exceed  this 
value.     Yet  this  value  is  reached  with  mercury,  argon,  and  helium. 

This  raises  the  question  why  is  the  ratio  found  experimentally 
less  in  most  cases  than  that  calculated  above,  and  why  is  the  calcu- 
lated value  realized  in  a  few  cases?  This  question  has  apparently 
been  answered  quite  satisfactorily. 

In  order  that  the  entire  energy  in  the  gas  should  be  kinetic,  it 
is  necessary  that  the  molecules  of  the  gaa  should  be  made  up  of  one 
atom  each.  If  there  was  more  than  one  atom  in  the  molecule,  there 
would  be  intramolecular  movement,  and  the  total  energy  in  the  gas 
would  not  be  the  kinetic  energy  due  to  the  movements  of  the  mole- 
cules as  a  whole,  but  this  quantity  plus  the  intramolecular  energy 
of  the  gas.  If  there  was  more  than  one  atom  in  the  molecule,  AT 
would  not  be  equal  to  E,  but  less  than  E.  Therefore  >  —  -^  would 
not  be  equal  to  two-thirds,  but  lesa  than  this  quantity, 
quently^<  1.666. 
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This  is  exactly  what  we  find  in  most  elementary  gases.  The 
ratio  of  the  two  specific  heats  is  less  than  1.666,  and  we  would  con- 
clude that  these  gases  contain  more  than  one  atom  in  the  molecule. 
We  will  recall  that  the  molecular  weights  of  most  of  the  elementary 
gases,  as  determined  by  the  densities  of  their  vapors,  showed  that 
there  was  more  than  one  atom  in  the  molecule. 

The  conclusion  in  reference  to  mercury,  argon,  and  helium  is 
evident  from  what  was  stated  above.  Their  molecules  contain  one 
atom  each,  or  the  molecule  and  atom  are  identical. 

The  conclusion  that  the  ratio  between  the  specific  heats  of  a 
gas  being  1.666  points  to  monatomic  molecules  has  been  called  in 
question  by  some  physicists,  on  purely  physical  grounds.  A  number 
of  points  have  been  raised,  but  perhaps  the  most  important  objec- 
tion has  been  based  upon  the  comparatively  complex  spectrum  shown 
even  by  mercury  vapor,  which  is  monatomic  in  terms  of  the  specific 
heat  ratio.  This  element  shows  a  number  of  lines  in  the  spectrum, 
and  it  has  been  claimed  that  no  monatomic  molecule  could  give  out 
so  many  wave-lengths  of  light. 

While  it  is  evident  that  this  objection  applies  if  the  ultimate 
atom  were  meant,  its  force  is  not  so  clear  if  we  recall  that  what  we 
mean  by  the  chemical  atom  is  simply  that  unit  of  matter  which 
we  have  not  thus  far  been  able  to  break  down  or  subdivide.  Indeed, 
as  we  have  seen,  the  most  probable  theory  as  to  the  ultimate  nature 
of  matter  states  that  what  we  must  regard  as  the  chemical  atom 
must  be  enormously  complex,  and  in  all  probability  the  atoms  of 
what  to  us  are  different  elements  are  simply  complexes  of  the  same 
ultimate  "  corpuscles." 

Whatever  weight  we  are  inclined  to  attach  to  these  objections 
from  the  physical  side,  we  must  not  forget  that  in  those  cases  where 
the  ratio  between  the  specific  heats  points  to  monatomic  molecules, 
the  vapor-density  method  also  shows  that  the  molecule  and  atom  are 
identical.  This  has  been  verified  in  a  manner  which  can  leave  no 
doubt  in  the  case  of  mercury,  and  it  is  almost  certain  that  the  same 
result  would  be  obtained  with  argon  and  helium. 

The  Second  Law  of  Thermod]rnamic8.  —  The  calculation  of  the 
specific  heat  of  a  gas  at  constant  volume  from  the  specific  heat  at 
constant  pressure  involves,  as  we  have  seen,  the  first  law  of  ther- 
modynamics. For  the  sake  of  future  reference  this  section  should 
not  be  closed  without  a  brief  reference  to  the  second  law  of  ther- 
modynamics. 

The  first  law  of  thermodynamics  states  that  it  is  impossible  to 
create  energy,  and,  therefore,  perpetual  motion  of  the  first  class  is 
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impossible.  We  might,  however,  conceive  of  a  machine  which 
convert  into  mechanical  work  the  heat  of  surrounding  objects  at  the 
same  temperature  as  itself.  This  would  evidently  be  a  perpetual 
motion ;  but  siuce  it  differs  from  the  first  kind,  it  lias  been  called 
perpetual  motion  of  the  second  kind.  The  second  law  of  thermody- 
namics states  that  perpetual  motion  of  the  second  kind  is  impossible. 
In  a  word,  heat  cannot  flow  from  a  colder  to  a  warmer  body. 

Given  a  gas  of  volume  v  and  allow  it  to  expand  at  constant  tem- 
perature to  a  volume  v,.  The  maximum  amount  of  work  obtainable 
from  this  process  is  exactly  equal  to  the  work  required  to  compress 
the  same  amount  of  gaa  from  volume  Vj  to  volume  v  at  constant 
temperature.  This  can  easily  be  determined.  If  we  are  dealing 
with  a  gram-molecular  weight  of  a  gas  with  a  volume  v,  and  com- 
press it  to  a  volume  v,  the  pressure  being  p,  the  work  done  is  — 

p.. 

Since  pv  =  ET,  the  work  done,  W,  is  expressed  thus :  — 
W=  Cj)dv 

=  RTJ  !| 

The  maximum  amount  of  work  obtainable  from  a  gram -molecular 
weight  of  a  gas  expanding  from  a  volume  v  to  a  volume  i',  is  given 
by  the  above  equation,  siuce  this  is  eqnal  to  the  work  required  to 
compress  the  gas  under  the  same  conditions  from  the  volume  r,  to 
volume  1'.  On  examining  this  equation  we  see  that  the  maximum 
amount  of  work  obtainable  depends  only  on  the  relation  between  the 
original  and  final  volumes  of  the  gas,  and  is  independent  of  the 
absolute  values  of  either.  Frequent  applications  of  thi.s  deduction 
will  be  made,  especially  in  the  chapter  on  electrochemistry. 

THE  SPECTRA  OF  GASES 

Emisiion  Spectra  of  Oaaea.  —  AVhen  a  gas  is  heat«d  to  a  sufficiently 

high  temperature,  it  sends  out  light  of  definite  wave-lengths.  These 
wave-lengths  were  recognized  by  Ivirchhoff  and  Bunsen '  to  be  dfr 

'  Pogf).  Aim.  110.  100  (1800);   US,  337  (1801). 
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pendent  upon  the  chemical  nature  of  the  gas,  and  to  be  character- 
istic of  it.  Upon  this  fact  is  based  a  method  of  chemical  analysis, 
which  has  proved  to  be  one  of  the  most  convenient  and  fruitful  in 
the  whole  field  of  chemistry.  It  is  only  necessary  to  pass  the  light 
from  a  highly  heated  gas  through  a  prism,  or  throw  it  upon  a  grating, 
when  it  will  be  refracted  or  diffracted,  and  the  lines  characteristic 
of  the  gas  will  appear.  In  this  way  it  is  possible  to  detect  the 
presence  of  most  of  the  chemical  elements.  If  the  element  is  a  solid 
or  liquid,  it  is  only  necessary  to  convert  it  into  a  gas  to  obtain  its 
characteristic  lines.  This  is  easily  accomplished  if  the  boiling-point 
of  the  element  is  not  too  high.  Those  elements  which  boil  only  at 
very  high  temperatures  are  converted  into  vapor  between  the  carbon 
poles  of  an  electric  arc,  and  then  their  spectra  examined. 

By  means  of  spectrum  analysis,  then,  the  lines  which  are  char- 
acteristic of  the  elements  can  be  studied,  and  their  wave-lengths 
determined.  Having  mapped  out  the  lines  which  are  characteristic 
of  all  the  known  elements,  we  are  in  a  position  to  detect  the  presence 
of  any  new  element.  If  when  we  examine  the  spectrum  of  a  sub- 
stance a  line  appears  which  can  be  shown  not  to  belong  to  any 
known  element,  we  conclude  that  we  are  dealing  with  a  new  substance, 
and  then  proceed  to  separate  it  and  purify  it  by  chemical  methods. 
As  is  well  known,  many  of  our  chemical  elements  were  discovered 
by  means  of  spectrum  analysis.  We  need  mention  only  caesium, 
rubidium,  thallium,  indium,  and  gallium,  and  quite  recently  the 
spectroscope  has  proved  of  incalculable  service  in  the  discovery  of 
the  new  substances  in  the  atmosphere,  by  Kamsay.  Spectrum 
analysis  has  now  reached  such  a  high  degree  of  perfection,  due 
especially  to  the  concave  grating  designed  by  Rowland,^  that  it  is 
certainly  the  most  sensitive  means  at  our  disposal  for  detecting 
small  traces  of  substances.  In  examining  any  substance  to-day  for 
unknown  elements,  or  in  testing  any  element  in  which  some  foreign 
material  is  suspected,  resort  is  always  had,  whenever  possible,  to  the 
spectroscope. 

Absorption  Spectra  of  Oases;  Law  of  Kirchhoff.  —  If  white 
light  is  passed  through  a  gas  and  then  through  a  prism  or  thrown 
upon  a  grating,  it  is  seen  to  contain  dark  lines  exactly  in  the  places 
occupied  by  the  bright  lines  of  the  gas.  Kirchhoff  recognized  this 
fact  and  announced  his  law :  A  gas  absorbs  exactly  the  same  wave- 
lengths of  light  as,  tinder  the  same  conditions,  it  can  itself  emit.  This 
discovery  was  of  great  importance  as  throwing  light  on  a  class  of 

1  Phil.  Mag.  16,  197  (1883). 
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phenomena  up  to  that  time  not  understood,  Fraunhofer  had  earl 
discovered  that  when  sunlight  is  refracted  and  separated  into  its 
colors  the  spectrum  is  not  continuous,  but  is  marked  by  a  large  num- 
ber of  dark  lines.  The  law  of  Kirchhoff  explained  the  presence  of 
these  dark  lines.  The  light  coming  from  the  sun  had  passed  through 
the  vapors  of  certain  elements,  and  the  same  wave-lengths  which 
these  gases  could  emit  had  been  absorbed  by  them.  If  this  is  true, 
we  have  a  means  of  determining  at  least  some  of  the  elements  which 
exist  in  the  sun.  It  is  only  necessary  to  And  out  with  what  char- 
acteristic bright  lines  of  our  terrestrial  elements  the  dark  lines  in 
the  solar  spectrum  correspond,  in  order  to  determine  which  of  our 
elements  are  present  in  the  sun.  In  this  way  a  large  number  of  the 
dark  lines  in  the  solar  spectrum  have  been  "  identified,"  as  it  is  stated ; 
i.e.  shown  to  have  the  same  wave-lengths  as  the  bright  lines  of 
known  elements.  We  can  now  state  that  about  half '  of  the  known 
terrestrial  elements  certainly  occur  in  the  aun,  and  about  eight  of 
the  remaining  terrestrial  elements  may  occur  in  the  sun.  Among  the 
BOlar  elements  we  find  most  of  the  metals  which  occur  on  the  earth. 

Spectrum  analysis  has  not  been  content  with  determining  the 
elements  which  occur  in  the  sun,  but  an  attempt  has  been  made  to 
determine  the  elements  which  occur  in  different  parts  of  the  sun. 
Work  during  the  total  eclipse  of  the  sun,  or  by  specially  devised 
methods,  has  shown  that  the  ehromospliere  always  contains  hydro- 
gen, titanium,  helium,  and  calcium,  and  frequently  contains  a  large 
number  of  other  elements,  such  as  sodium,  barium,  iron,  and  magne- 
sium. Similarly,  the  spectroscope  has  been  applied  to  the  corona 
during  a  total  eclipse,  but  the  composition  of  the  corona  is  still  in 
doubt. 

The  spectroscope  has  also  been  applied  to  the  stars,  planets,  coni- 
ets,  moon,  nebulie,  etc.;  but  for  the  results  obtained  reference  only 
can  be  made  to  the  excellent  little  book  of  Landauer,  Die  Spectrai- 
analfixc. 

Relations  between  the  Spectrum  Lines  of  the  Elements.  —  An  ele- 
ment may  give  out  light  of  a  few  wave-lengths,  or  of  many.  Some 
elements  are  represented  by  comparatively  few  lines  in  the  spectrum, 
while  others  are  represented  by  a  large  number  —  the  lines  of  iron 
and  uranium  may  number  thousands.  We  will  look  first  for  relations 
between  the  lines  of  thu  aaiae  etemetU.    Since  light  is  regarded  as  a 


arf^^ 


'  JaoawD !  Compl.  rtnd.  68,  03.    Lockyer 
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wave-motion  of  the  ether,  the  different  spectrum  lines  correspond  to 
different  wave-lengths.  It  would  seem  probable  that  the  different 
wave-lengths  sent  out  by  the  same  kind  of  atoms  or  molecules  would 
bear  some  simple  relation  to  one  another.  One  naturally  thinks  of 
the  wave-lengths  of  sound  sent  out  by  a  vibrating  string,  and  recalls 
the  simple  relations  between  them.  Eelations  as  simple  as  these 
have  not  been  discovered  in  the  case  of  light,  but  generalizations  of 
value  have  been  reached.  The  first  attempt  to  point  out  relations 
between  the  wave-lengths  of  the  vibrations  sent  out  by  the  same  ele- 
ment was  made  by  Lecoq  de  Boisbaudran,^  but  the  first  successful 
attempt  was  made  by  Balmer.'  He  showed  that  the  wave-lengths  of 
the  first  spectrum  of  hydrogen  can  be  accurately  calculated  from  the 
equation — 


n«-4' 


n  having  the  values  3  to  15,  and  A  the  value  3647.20. 

It  was,  however,  Kayser  and  Eunge,'  who  first  deduced  any  gen- 
eral relation  which  obtained  for  a  number  of  the  elements.  Their 
equation  is  — 

i  =  ^ -f- Bn-* -f- CVi-*, 

taking  instead  of  the  wave-length  X,  its  reciprocal.  To  test  their  for- 
mula they  redetermined  more  accurately  the  wave-lengths  of  the  lines 
of  many  of  the  elements,  and  pointed  out  the  existence  of  distinct 
serieB  of  lines.  In  the  spectra  of  the  alkali  metals  they  found  three 
distinct  series  of  lines.  The  first  series,  known  as  the  Primary  Se- 
ries, occurring  only  with  the  alkalies,  was  very  bright,  containing 
some  of  the  strongest  lines  in  the  whole  spectrum,  and  had  unequal 
differences  in  period.  The  First  Subordinate  Series  was  composed  of 
very  bright  lines,  but  not  so  bright  as  the  Primary  Series,  and  the 
differences  in  period  were  equal.  The  Second  Subordinate  Series 
was  composed  of  weaker  lines,  and  the  differences  in  period  were 
equal. 

The  relations  between  the  lines  of  other  elements  were  not  as  well 
defined  as  with  the  alkalies.  Certain  elements  showed  the  existence 
of  secondary  series,  but,  in  general,  as  we  pass  farther  and  farther 
from  the  alkalies  in  the  Periodic  System,  the  relations  between  the 

1  Compt.  rend.  09,  694.  »  Wied.  Ann.  26,  80  (1886) 

•Abhandl.  Berlin.  Akad.  1888,  1889,  1890,  1891,  1892,  1893.  Wied.  Ann,  b2y 
114  (1894).     British  Aas.  Report,  1888,  p.  576.     Chem.  Zeitg.  16,  633. 
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lines  of  any  element  become  leas  distinct.  For  further  details  in  this 
connection  reference  must  be  had  to  the  original  papers.' 

Tiie  relations  between  Ike  spectrum  lines  of  different  eiemevla  are  of 
greater  interest,  from  the  physical-chemical  standpoiot.  Lecoq  de 
Boiabaudran  '  thought  he  had  discovered  certain  relations  between 
the  spectra  of  potassium,  rubidium,  and  cesium,  and  concluded  that 
as  the  atomic  weight  increases,  the  spectra  of  the  alkalies  and  alka- 
line earths  tend  more  and  more  toward  the  red.  This  has  since  been 
shown  by  Ames'  not  to  be  strictly  true  in  the  case  of  magnesium, 
zinc,  and  cadmium. 

The  work  of  Kayser  and  Runge,  and  of  Rydberg,*  are  again  of 
chief  importance  in  connection  with  the  relations  between  the  lines 
of  different  elements.  Elements  belonging  to  the  same  groups  of  the 
Mendel^eS  Table  have  analogous  spectra.  It  has  already  been 
pointed  out  that  the  primary  series  of  lines  appears  only  with  the 
alkali  metals.  The  first  three  groups  of  elements  have  been  arranged 
inthe  following  order  with  respect  to  relationsbetweentheirspcctra:' — 

(1)  Li,  Na,  K,  Rh,  Cs. 

(2)  Cu,  Ag. 

(3)  Mg,  Ca,  Sr. 

(4)  Zn,  Cd,  Hg. 

(5)  Al,  In,  Th. 

Within  these  groups  the  spectrum  tends  more  and  more  toward 
the  red,  with  increasing  atomic  weight.  This  is  what  we  might  ex- 
pect, the  heavier  atom  vibrating  more  slowly  and  sending  out  fewer 
waves  in  a  given  time.  As  we  pass,  however,  from  one  group  of 
these  elements  to  another,  the  spectrum  tends  toward  the  violet,  with 
increase  in  atomic  weight.  These  relations  must,  of  course,  be  re- 
garded as  only  first  approximations  to  any  general  tnith,  and  when 
we  consider  that  some  elements  vibrate  in  thousands  of  periods,  or  at 
least  give  thousands  of  lines  in  the  spectrum,  it  will  probably  be  a 
long  time  before  any  comprehensive  generalization  will  be  reached 
connecting  anything  like  all  the  wave-lengths  sent  out  by  the  differ- 
ent elements.  That  there  are,  however,  fundamental  relations  be- 
tween these  wave-lengths  no  one  can  doubt. 

■  Rydberg:Compe.r*nd.  110.304(1800}.    ZWrftr.  pftys.  Cflirn..  6,227  (IftM). 
Wifd.  Ann.  50, 020  (IStlS) ;  68, 119 (1804).    Landauer :  Div Speelraianalysf,  p.  64. 
>  Compt.  rend.  09,  010. 
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RELATIONS  BETWEEN  LIQUIDS  AND  GASES 

General  Properties  of  Liquids.  —  The  properties  of  liquids  as 
such  are  so  different  from  the  properties  of  gases  that  we  would 
suspect  little  or  no  connection  between  these  two  states  of  aggre- 
gation. Liquids  have  their  own  definite  volumes,  which  are  only 
slightly  changed  by  change  in  conditions.  The  volume  of  a  liquid 
is  slightly  diminished  by  increase  in  pressure,  and  increased  by  rise 
in  temperature;  but  the  change  in  either  case  is  small.  Accord- 
ing to  Amagat,^  the  coefficient  of  compression  of  water  varies  from 
0.000043  at  comparatively  low  pressures  to  0.000024  at  pressures 
in  the  neighborhood  of  3000  atmospheres.  The  compression  coeffi- 
<5ient  of  mercury  is  only  about  0.0000032  for  pressures  of  a  few 
atmospheres. 

The  increase  in  the  volume  of  vrater  with  increase  in  temperature 
is  seen  in  the  few  results  given  in  the  following  table,  which  is  taken 
from  the  work  of  Volkmann.*    The  unit  is  water  at  -f-  4°  C. 

Expansion  op  Water 


Tbmpebatuss 

Volume 

TSMPKBATUKS 

VOLlTMl 

0° 

1.000122 

40° 

1.00770 

2° 

1.000028 

60° 

1.01197 

4° 

1.000000 

76° 

1.02572 

6° 

1.000031 

90° 

1.03674 

10° 

1.000261 

100° 

1.04323 

20° 

1.001731 

Similarly,  the  expansion  coefficient  of  mercury  varies  from  0.0001813 
at  0°  to  0.0001884  at  360^ 

1  Compt.  rend.  108,  429  (1886);  Joum.  de  Phys.  [2],  8,  197. 
«  Wied,  Ann.  14,  260  (1881). 
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If  we  recall  that  the  volume  of  a  gas  increases  with  the  pressure 
according  to  the  law  of  Boyle,  and  with  the  temperature  according 
to  the  law  of  Gay-Luasac,  we  will  see  the  marked  difference  between 
the  persistency  ot  the  volume  of  a  gas  and  that  of  a  liquid. 

The  particles  of  a  liquid  move  comparatively  freely  over  one 
another,  but  the  resistance  to  movement  is  much  greater  here  than 
with  gases.  This  is  usually  expressed  by  saying  that  the  inner 
friction  of  liquids  is  greater  than  that  of  gases. 

Liquids  in  general  represent  matter  in  a  much  more  condensed 
form  than  gases.  A  given  volume  of  a  liquid  when  converted  into  a 
gas  occupies  many  times  its  volume  in  the  liquid  state ;  but  here, 
again,  pressure  must  be  taken  into  account,  since  the  density  of  a 
gas  can  be  greatly  increased  by  pressure  alone.  These  are  some  of 
the  most  striking  differences  between  matter  in  the  liquid  and  matter 
in  the  gaseous  state. 

If,  however,  we  examine  gases  and  liquids  more  closely,  we  shall 
see  that  the  differences  are  mainly  differences  of  degree  —  the  state 
of  aggregation  depending  chiefly  upon  temperature  and  pressure. 
That  there  are  close  relations  between  the  gaseous  and  liquid  states 
is  clearly  brought  out  by  a  study  of  the  transformation  of  gases  into 
liquids  and  of  liquids  into  gases. 

The  Liquefaction  of  Oaaea. — The  problem  of  the  liquefaction  of 
gases  early  attracted  attention.  It  was  very  easy  to  liquefy  some 
substances,  while  others  remained  in  the  gaseous  state  even  at  quite 
low  temperatures.  Van  Helmont'  distinguished  between  those  sub- 
stances which  cannot  be  liquefied  and  those  which  can,  by  calling 
the  former  "  gases  "  and  the  latter  "  vapors." 

The  Jirat  really  imporlant  step  in  the  liquefaction  of  gmes  tnkieh 
condense  onl;/  at  very  low  lemperatureg  we  oioe  to  Fnradnif  (1823),  He 
heated  chlorine  hydrate  in  a  glass  tube,  one  end  of  which  was  kept 
cool,  and  obtained  chlorine  as  a  yellow  liquid.  This  was  followed' 
by  the  liquefaction  of  a  number  of  other  gases,  such  as  sulphurous 
acid,  hydrogen  sulphide,  caibonic  acid,  cyanogen,  ammonia,  etc.  In 
these  experiments,  Faraday  made  use  both  of  high  pressure  and  low 
temperature,  —  the  two  conditions  which  underlie  all  subsequent 
work. 

Hussy'  worked  at  low  temperatures,  but  did  not  use  high  press- 
ures. He  liquefied  sulphurous  acid,  and  made  the  important  dis- 
covery that  when  this  liquid  was  allowed  to  evaporate  on  the  air,  a 

'  Kopp :  GtKhifhIe  der  Chemtr.  I,  p.  121. 

'  Fhll.  Trant.  lU.  180. 

'  Ann.  Chim.  PAjW.  [2],  S8,  ft3  (1824).     Pogg.  Ann.  I,  2 
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much  lower  temperature  was  produced.  This,  as  we  shall  see,  has 
proved  to  be  of  fundamental  importance  in  connection  with  the  lique- 
faction of  the  more  resistant  gases.  Utilizing  this  fact,  Bussy  was 
able  to  liquefy  chlorine  and  ammonia. 

Carbon  dioxide  was  liquefied  in  fairly  large  quantities  by  Thilorier^ 
in  1834,  by  means  of  a  new  apparatus*  which  he  devised  for  this 
purpose.  He  studied  a  number  of  the  physical  properties  of  liquid 
cai'bon  dioxide, — its  vapor  pressure,  solubility,  etc., — and  then  turned 
his  attention  to  the  production  of  low  temperatures  by  allowing  the 
liquid  to  volatilize.  By  means  of  a  spray  of  liquid  carbon  dioxide 
low  temperatures  could  be  reached;  but  by  mixing  liquid  carbon 
dioxide  and  liquid  ether,  powerful  refrigerating  effects  could  be  pro- 
duced. Thilorier  not  only  liquefied,  but  succeeded  in  solidifying 
carbon  dioxide.  The  liquid  carbon  dioxide  was  allowed  to  expand, 
when  a  part  volatilized,  and  in  doing  so  extracted  enough  heat  from 
the  remainder  to  convert  it  into  a  solid.  When  the  solid  acid  is 
mixed  with  ether  a  powerful  refrigerant  is  produced,  which  has 
proved  to  be  of  gi-eat  service  in  obtaining  comparatively  low  tem- 
peratures. Temperatures  of  from  — 100°  C.  to  — 110**  C.  can  be 
produced  by  means  of  this  mixture,  which  has  come  to  be  known  as 
Thilorier^ 8  Mixture. 

Faraday  published  the  results  of  his  second  attempt  to  liquefy  gases 
in  1845.'  The  incentive,  as  he  says  himself,  was  to  obtain  the 
so-called  "  permanent  gases "  in  liquid  or  solid  form.  He  worked 
with  higher  pressures  than  in  his  first  experiments,  and  also  used 
lower  temperatures,  now  made  possible  by  the  discovery  of  Thilo- 
rier^s  mixture.  A  number  of  gases  such  as  ethylene,  hydrobromic 
acid,  phosphene,  etc.,  succumbed  to  this  treatment,  and  were  ob- 
tained as  liquids.  A  number  of  gases  were  also  solidified,  such  as 
hydriodic,  sulphurous,  and  hydrobromic  a^ids,  ammonia,  cyanogen, 
and  nitrous  oxide.  Faraday  did  not  succeed  in  liquefying  hydrogen, 
oxygen,  nitrogen,  carbon  monoxide,  or  nitric  oxide. 

Natterer*  divised  an  apparatus  for  producing  very  high  pressures, 
and  then  attempted  to  liquefy  the  so-called  permanent  gases  — 
oxygen,  hydrogen,  etc.*  He  subjected  these  gases  to  higher  and 
higher  pressures,  until  finally  a  pressure  of  between  three  and  four 
thousand  atmospheres  was  used.  At  the  same  time  he  used  the 
lowest  temperature  which  he  could  obtain  by  mixing  solid  carbon 

1  Ann.  Chim,  Phys.  [2],  eO,  427  (1835). 

«  Lieb.  Ann.  80,  122  (1839).         »  Phil.  Trans.  186,  166  (1846). 

*  Joum.  prakt.  Chem.  86,  169  (1845). 

*  Wien.  Ber.  6,  351 ;  6,  567  and  570 ;  12,  199. 
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dioxide  and  ether.  He  was  unsuccessful,  and  the  permanent  ga^es 
still  remained  unliquefied. 

During  the  next  thirty  years  (1845-1875)  not  many  gases  were 
added  to  the  list  of  those  which  had  been  liquefied.  The  so-called 
"permanent  gases"  had  baffled  all  attempts  to  liquefy  them,  aiid 
still  continued  to  do  so.  But  diiriug  this  period  the  nature  of  gases 
was  studied  more  closely,  and  knowledge  acquired  which  made 
possible  the  subsequent  liquefaction  of  all  gases. 

Some  of  the  results  of  the  work  of  this  period  will  be  considered 
in  more  detail  a  little  later.  Suffice  it  to  say  here  that  it  was  shown 
that  for  every  gas  there  is  a  temperature  above  which  it  cannot  be 
liquefied,  no  matter  how  great  the  pressure  to  which  it  is  subjected. 
This  is  called  the  crilical  temjieralure  of  the  gas. 

It  soon  became  obvious,  then,  that  every  gas  must  be  cooled 
down  at  least  to  its  critical  temperature,  before  it  can  be  converted 
into  a  liquid  by  pressure.  After  this  fact  became  clearly  recognized, 
experimenters  saw  that  they  must  look  rather  to  the  securing  of 
low  temperatures  than  of  high  pressures,  In  order  to  convert  the 
"permanent  gases"  into  liquids, 

It  was  not  urttil  1S77  that  Caillelet '  succeeded  in  liquefying 
oxygen  and  carbon  monoxide;  and  it  was  only  a  few  weeks  later 
that  oxygen  was  also  liquefied  by  Pict«t.'  The  metliod  employed 
by  Cailletet  consisted  in  subjecting  the  gas  to  a  fairly  high  (300 
atmospheres)  pressure  in  a  very  simple  apparatus,'  cooling  the  gas 
down  to  a  low  temperature  by  means  of  liquid  sulphurous  acid,  and 
then  allowing  the  gas  to  suddenly  expand  by  releasing  the  pressure. 
In  addition  to  oxygen  and  carbon  monoxide,  Cailletet  succeeded  also 
in  liquefying  nitrogen  and  air,  but  the  experiments  with  hydrogen 
were  not  as  satisfactory,  although  it  is  stated  that  a  mist  was 
seen  in  the  tube  containing  the  hydrogen,  when  the  pressure  was 
removed.  The  experiments  of  Pictet  *  cannot  Ije  described  in  detail. 
He  succeeded  in  liquefying  oxygen,  as  has  been  stated,  and  prob- 
ably hydrogen  also,  and,  indeed,  may  have  obtained  a  little  solid 
hydrogen. 

We  note  come  to  the  very  important  and  auccessfvl  work  of  the 
Biisdians,  Wroblewski  and  Olfaewski."  Their  method  consists  in 
subjecting  the  gas  to  be  liquefied  to  considerable  pressure,  hut  at 
the  same  time  cooling  it  down  to  a  very  low  temperature.     The  low 


1  Conpt.  rend.  K.  1217  (1877).  ■>  Ibid.  86,  1214,  1220 

»  Ann.  Chlm.  Phya.  [6],  IB,  ISa  (1678). 
*  /hid.  [5],  IS,  146  (1878). 
'  Wied.  Ann.  SO,  243  (1S83). 
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temperature  is  secured  by  causing  a  liquid  with  low  boiling-point 
to  boil  under  diminished  pressure.  Thus,  in  the  liquefaction  of 
oxygen  a  temperature  of  — 130°  was  secured  by  boiling .  liquid 
ethylene  under  diminished  pressure.  The  oxygen  was  then  lique- 
fied at  a  pressure  not  much  above  twenty  atmospheres.  Similarly, 
when  nitrogen  was  cooled  to  a  very  low  temperature,  subjected  to 
a  pressure  of  150  atmospheres,  and  part  of  the  pressure  released, 
it  was  obtained  as  a  liquid. 

In  1884  Wroblewski^  liquefied  hydrogen,  using  liquid  oxygen 
under  diminished  pressure  as  the  refrigerating  agent.  He  assigned 
the  following  boiling-points  to  four  of  the  more  common  gases  :  — 


Pbessubb 

BOILIMO-POUVT 

Oxygen      .... 
Nitrogen    .... 

Air 

Carbon  Monoxide      .        : 

1  atmosphere 
1  atmosphere 
1  atmosphere 
1  atmosphere 

- 184°.0  C. 
- 194''.3  C. 
-  192°.2  C. 
- 186°.0  C. 

When  these  liquids  were  boiled  under  diminished  pressure,  a 
temperature  somewhat  lower  than  —200°  C.  could  be  obtained. 
Olszewski  made  use  of  the  low  temperature  obtained  in  this  way 
to  liquefy  hydrogen.*  The  gas  was  subjected  to  a  pressure  of  nearly 
two  hundred  atmospheres,  and  cooled  as  low  as  possible  by  boiling 
oxygen  under  a  pressure  of  a  few  millimetres  of  mercury.  He  was 
not  able  to  obtain  any  quantity  of  liquid  hydrogen. 

Olszewski  solidified  a  number  of  the  very  low-boiling  liquids. 
Liquid  carbon  monoxide,'  which  boiled  at  —190°,  was  evaporated 
under  diminished  pressure.  The  temperature  sank  to  —  211°,  and  a 
part  of  the  liquid  solidified.  Nitrogen*  was  solidified  in  a  similar 
manner  at  a  temperature  of  —214°.  Solid  nitrogen,  when  boiled 
under  diminished  pressure,  produced  a  temperature  of  —  225°.  Liquid 
air  evaporated  under  low  pressure  gave  —  220°.  Olszewski  found  the 
boiling-point  of  oxygen  to  be  — 181°.4,  of  nitrogen  — 194°. 4,  and 
of  carbon  monoxide  — 190°.  In  1891  he  made  another  attempt  to 
liquefy  hydrogen,*  using  liquid  air  and  liquid  oxygen  as  the  re- 
frigerants. While  not  successful  to  any  marked  extent,  he  was 
able  to  fix  the  boiling-point  of  hydrogen  at  about  —  243°.5. 


1  CompL  rend,  98,  149  (1884).  » Ibid.  99,  706  (1884). 

a  Ibid.  98,  366,  913  (1884).  *  Ibid,  100,  350  (1885). 

6  Phil.  Mag.  [5],  39,  188  (1896). 
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77ie  experiments  of  Dewar '  contributed  much  to  our  knowledge 
of  low-twiiling  liquids.  He  deviaed  au  apparatus'  for  liquefying 
such  g3,ae3  as  oxygen,  nitrogen,  etc.,  on  a  comparatively  large  scale, 
and  in  1893  solidified  air,'  Dewai-  greatly  facilitated  the  work  with 
these  low-boiling  liquids,  by  devising  double-walled  bulbs  and  test- 
tubes,'  and  pumping  out  the  air  between  the  two  walls.  In  this 
"vacuum-jacketed"  appai'atua  these  liquids  evaporate  comparatively 
slowly  and  could  be  preserved  for  a  relatively  long  time. 

At  this  time  the  problem  of  liquefying  gases  was  solved  by  a 
new  method,  which  made  it  possible  to  liquefy  such  gaaea  aa  the 
air  on  a  commercial  scale.  Hitherto,  the  gas  had  been  cooled 
chiefly  by  evaporating  some  low-boiling  liquid  under  diminished 
pressure,  but  plainly  this  waa  not  economical.  The  final  cooling 
of  the  gaa  was  effected  by  allowing  it  to  expand.  The  methods 
of  liquefying  air  used  by  Linde,  and  also  by  Hampson  and  Tripler, 
are  apparently  baaed  upon  essentially  Che  saine  principle.  The  gas 
ia  compressed,  and  the  heat  which  is  liberated  removed.  The  gas  is 
then  allowed  to  expand,  usually  through  a  small  opening,  and  tbua 
its  temperature  lowered.  This  cold  gas  is  then  allowed  to  cool  more 
of  the  compressed  gas,  and  finally  some  of  the  latter  is  obtained  in 
liquid  form. 

Quite  recently  some  extremely  interesting  results  have  been  obtained 
in  connection  with  the  liqnefaction  of  tlie  moat  resistenl  gases.  Ai^n 
was  liquefied  by  Olszewski'  in  1893,  using  liquid  oxygen  aa  the  re- 
frigerating agent.  It  boiled  at  — 187°  and  froze  at  — 191°.  He 
alao  attempted  to  liquefy  helium,*  using  at  first  liquid  oxygen,  and 
then  liquid  air,  as  the  refrigerating  i^nts.  Although  a  tempera- 
ture of  —  220°  was  obtained  with  liquid  air,  under  diminished  press- 
ure, the  helium  did  not  liquefy  under  a  presauie  of  140  atmospheres. 

Fluorine  was  liquefied  by  Moisaon  and  Dewar'  in  1897.  This  is, 
of  course,  a  remarkable  experiment,  when  we  think  of  the  chemical 
nature  of  fluorine.  The  fluorine  was  cooled  to  — 190°  by  means  of 
liquid  air,  liquefied,  and  received  in  a  glass  bulb.  Fluorine  boils  at 
—  187°,  and  at  this  low  temperature  loses  much  of  its  chemical  activity. 
It  does  uot  act  upon  iron,  and  does  not  replace  iodine  from  its  com. 
pounds.     The  liquid  fluorine  was  cooled  to  210°  without  solidifying. 

The  problem  of  liquefying  hydrogen  in  any  appreciable  quantity 

'  Phtt.  Mag.  IB,  210  (1884).  »  Ckem.  A>«n..  67,  128  (1893). 

»  JVoc.  Rnj/.  Itut.  1888,  560.  •  JVoc.  Boy.  /nrt.  14,  1  (1880)." 

*  Trant.  Boy.  Soe.  1S6,  253  (18t)5).     Comnmnicitted  b;  RamM]'. 

•  Wild.  Ann.  K,  184  (18WI).     Nature,  M.  377  (1806). 
'  Compt.  rend.  194,  1202  (1BD7)  ;  1S5,  606  (1897), 
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was  solved  by  Dewar  *  in  1898.  A  mixture  of  liquid  nitrogen  and 
hydrogen  was  used  to  cool  down  the  gas.  Under  diminished  press- 
ure this  would  give  a  temperature  of  at  least  —205°.  Hydrogen 
gas  cooled  to  this  temperature,  and  under  a  pressure  of  about  180 
atmospheres,  was  allowed  to  flow  through  a  fine  opening  into  a  "  vac- 
uum-jacketed "  vessel,  kept  below  —  200^  Hydrogen  liquefied 
under  these  conditions  at  the  rate  of  some  four  or  five  cubic  centi- 
metres of  liquid  per  minute.  The  boiling-point  of  liquid  hydrogen, 
as  determined  by  the  platinum  thermometer,  is  —  238°.  This  has 
since  been  redetermined  by  a  platinum-rhodium  thermometer,  and 
found  to  be  -  246°. 

Dewar'  has  also  succeeded  in  liquefying  helium  by  placing  a 
tube  containing  this  gas  in  liquid  hydrogen,  and,  finally,  has  ob- 
tained hydrogen  in  the  solid  form.^  He  attempted  to  solidify  hy- 
drogen by  placing  some  of  the  liquid  in  a  tube  surrounded  by  liquid 
hydrogen  in  a  vacuum-jacketed  vessel,  and  boiling  the  hydrogen  in 
the  outer  vessel  under  diminished  pressure.  This  experiment  was 
not  successful.  The  hydrogen  in  the  inner  vessel  may  have  been 
cooled  below  its  freezing-point,  but  remained  undercooled  and  did 
not  solidify.  However,  by  means  of  a  simple  apparatus  in  which 
the  refrigerating  effect  of  evaporation  under  diminished  pressure 
could  be  better  realized,  Dewar  obtained  hydrogen  in  the  solid  form. 
The  melting-point  of  hydrogen  must  be  about  —  255°,  and  a  slightly 
lower  temperature  can  be  obtained  by  evaporating  solid  hydrogen.* 

We  see,  then,  from  the  above,  that  all  known  gases  have  been 
liquefied,  and  all,  with  the  exception  of  helium,  have  been  solidified. 
The  relation  between  the  gaseous  and  liquid  state  is  evidently  a 
very  close  one  —  the  state  of  aggregation  which  obtains  depending 
obviously  upon  temperature  and  pressure,  but  chiefly  upon  tempera- 
ture. A  further  point  of  very  great  interest  comes  out  in  connec- 
tion with  the  liquefaction  of  the  more  permanent  gases.  We  are 
able  to  realize  experimentally  a  temperature  which  is  but  slightly 
above  the  absolute  zero.  That  many  important  discoveries  will  be 
made  by  working  in  this  region  of  extreme  cold  is  almost  certain, 
now  that  we  have  refrigerating  agents  of  such  intensity  and  in  such 
quantity  at  hand. 

In  tracing  the  development  of  the  principles  and  methods  in- 
volved in  liquefying  gases,  it  was  pointed  out  that  there  is  a  temper- 

1  Proc.  Boy.  8oc.  63,  256  (1898).         « Ibid.  68,  257  (1898). 
»  Chem.  News,  80,  132  (1899). 

*  For  details  in  connection  with  the  liquefaction  of  gases,  see  the  admirable 
little  book  by  Hardin,  Liquefaction  of  Gases. 
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ature  for  every  gas,  above  which  it  cannot  be  liquefied  by  pressure. 
This  and  certain  analogous  constants  for  gases  must  be  studied  more 
closely. 

Critical  Temperature  and  Critical  FreMore.  —  Caguaird  de  la 
Tour  '  observed  in  1S22  that  ether  and  alcohol  pass  coniptetely  into 
vapor  in  a  very  small  space,  when  the  temperature  is  above  a  certain 
point.  Also,  that  two  volumes  of  ether  volatilize  at  the  same  temper- 
ature as  one  volume  iuto  the  same  space.  This  made  it  probable 
that  there  was  a  temperature  above  which  these  liquids  could  not 
remain  in  the  liquid  state,  but  would  pass  over  into  vapor  regardless 
of  the  pressure.  This  observation  made  but  little  impression,  until 
Andrews'  showed  much  later  (1869)  that  there  is  a  temperature  for 
every  gas,  above  which  it  cannot  be  liquefied.  This  temperature 
was  called  by  Andrews  the  Critical  Teviperature  of  the  gas.  The 
work    of    Andrews    was 


done  largely  with  carbon 
dioxide.  When  the  tube 
containing  this  gas  was 
brought  to  a  temperature 
of  13°.l,  and  the  gas 
subjected  to  a  pressure 
of  4S.9  atmospheres,  a 
liquid  began  to  appear, 
and  the  volume  of  the 
gas  continued  to  dimin- 
ish without  any  con- 
siderable increase  in 
pressure  being  required. 
At  21'.5  similar  results 
were  obtained.  At  some- 
what higher  tempera- 
tures, however  (31M 
and  32''.5),  results  of  a 
very  different  character 
manifested  themselves. 
Although  there  was  a 
Pio   10  marked  decrease  in  vol- 

ume at  a  certain 
pressure,  yet  no  liquid  separated.     There  was  no  evidence  that 
liquid  bad  been  formed.     At  still  higher  temperatures  the  abrupt- 
».<4iiB.  Chim.  Phy$.n,  137,  178  (1822);  £2,410(1823). 
»  TVwiw.  Bvg.  Soc.  1868  [2],  676. 
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ness  of  change  in  volume  at  any  definite  pressure  became  less  and 
less,  and  entirely  disappeared  at  48°.l.  These  results  are  seen  best 
by  plotting  them  in  curves ;  the  abscissas  are  volumes,  the  ordinates 
pressures. 

The  curve  for  13®.  1  shows  that  when  a  pressure  of  nearly  50  at- 
mospheres is  reached,  the  volume  diminishes  very  greatly  without 
any  marked  increase  in  pressure.  This  means  that  the  gas  has 
passed  over  into  liquid  at  this  pressure.  The  curve  for  21^.1  is 
similar  to  the  lower  curve.  An  abrupt  transition  from  gas  to  liquid 
takes  place,  but  at  a  higher  pressure.  The  curves  for  31®.l,  32®.5, 
and  35®.6  show  less  and  less  abruptness,  but  at  none  of  these  tem- 
peratures is  any  liquid  produced.  The  curve  at  48°.l  shows  no  break, 
being  perfectly  smooth  throughout.  The  temperature  above  which 
carbon  dioxide  cannot  be  liquefied  was  found  by  Andrews  to  be 
30**.92,  and  this  is,  therefore,  the  critical  temperature  of  the  gas. 

The  temperature  above  which  a  gas  cannot  be  liquefied  has  been 
termed  by  Mendeleeif  ^  the  absolute  boiling-point  of  the  gas.  This  is 
obviously  the  same  as  Andrews'  critical  temperature. 

The  pressure  which  will  just  liquefy  the  gas  at  the  critical  tem- 
perature has  been  termed  the  critical  pressure.  The  substance  has  a 
certain  definite  density  under  these  conditions,  and  this  is  its  critical 
density.    The  reciprocal  of  the  critical  density  is  the  critical  volume. 

Many  of  the  critical  constants  of  liquids  will  be  found  in  a  paper 
by  Heilborn,*  but  since  some  of  these  have  been  quite  recently  deter- 
mined with  greater  accuracy,  the  original  papers  bearing  upon  the 
liquefaction  of  gases  and  the  properties  of  the  liquids  formed  must 
be  consulted.  The  critical  temperatures  and  pressures  of  some  well- 
known  liquids  are  given  in  the  following  table :  — 


Ckitical  Tkmpkeatubk 

Ckitical  Prbssurb 

Hydrogen       .... 

-  225°.0 

15.0  atmospheres 

Nitrogen . 

-  146°.0 

35.0  atmospheres 

Carbon  monoxide 

-  141°.0 

36.0  atmospheres 

Argon     . 

-  120°.0 

40.0  atmospheres 

Fluorine 

-  121°.0 

50.6  atmospheres 

Oxygen  . 

-  118°.  8 

50.8  atmospheres 

Methane 

-    95°.  5 

50.0  atmospheres 

Carbon  dioxide 

-    31°.0 

75.0  atmospheres 

Ammonia 

-  130°.0 

115.0  atmospheres 

Chlorine 

144°.0 

83.9  atmospheres 

Bromine 

-  302°.2 

1  Lieh,  Ann.  119,  1  (1861). 


2  Ztschr.  phys,  Chem.  7,  601  (1891). 
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The  examples  given  in  this  table  show  the  great  diSerences 
the  critical  temperatures  of  different  liquids.  It  also  shows  that 
oi'itical  pressures  of  liquids  are,  in  general,  not  high.  If  the 
perature  of  the  gas  is  below  the  critical  temperature,  the  pressure 
required  to  liquefy  the  gas  ia  below  the  critical  pressure.  In  the 
liquefaction  of  gases,  then,  low  temperatui-e  is  far  more  important 
thau  high  pressure.  Indeed,  the  temperature  must  be  at  least  down 
to  the  critical  temperature.  If  the  temperature  is  still  lower,  very 
slight  pressure  may  liquefy  the  gas.  We  can  now  see  why  the 
earlier  experimenters  were  not  successful  when  they  tried  to  liquefy 
such  gases  aa  oxygen,  nitrogen,  liydrc^en,  etc.  They  used  in  some 
cases  enormous  pressures  amounting  to  thousands  of  atmospheres; 
hut  did  not  cool  the  gases  down  to  the  critical  temperatures.  After 
these  gases  were  sufficiently  cooled  they  were  liquefied  at  moderate 
pressures. 

Continnity  of  FasB&ge  from  the  Liquid  to  the  Gaseous  State.  —  It 
will  be  seen  from  what  has  been  said  in  reference  to  critical  tempera- 
ture and  pressure,  that  a  liquid  can  be  transformed  into  vapor  with- 
out becoming  heterogeneous  at  any  time.  If  the  liquid  ia  warmed 
above  its  critical  temperature,  a  pressure  is  produced  which  ia  greater 
than  the  critical  pressure.  The  volume  may  now  be  increased  to 
any  extent,  yet  the  substance  which  was  originally  liquid  remains 
homogeneous.  The  passage  from  the  liquid  to  the  gas  is  thus 
perfectly  continuous,  and  it  is  impossible  to  say  where  the  liquid 
state  ends  and  the  gaseous  begins.  The  condition  of  matter  at 
and  near  the  critical  point  has  always  perplexed  men  of  science, 
and  many  opinions  have  been  expressed  concerning  it.  Andtewa 
discussed  this  condition  in  connection  with  carbonic  acid.  He 
pointed  out  that  if  this  gas  alxive  the  critical  teuiperature  is  sub- 
jected to  a  pressure  considerably  above  the  critical  pressure,  there 
is  an  enormous  decrease  in  volume.  The  carbon  dioxide  under  thia 
condition  ia  neither  gas  nor  liquid,  but  occupies  a  position  between 
the  two. 

Certain  phenomena  manifested  hy  siibatances  around  the  critical 
point  have  been  very  carefully  studied.  Clark '  showed  that  the 
density  of  the  vapor  was  equal  to  that  of  the  liquid  at  the  critical 
point.  This  has  been  defined  as  the  critical  denxity.  The  critical 
point  is,  then,  that  at  which  the  density  of  vapor  and  liquid  are 
equal.  Ramsay'  concluded  from  the  experiments  of  others  and 
from  his  own  that  the  liquid  state  may  persist  beyond  the  critical 
^  Proe.  Phy*.  Snc.  4.  41. 
»  Proc  Boy.  Soe.  81,  IW  (1881). 
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point,  and  this  opinion  is  shared  by  other  experimenters.^  Hannay,* 
on  the  contrary,  is  of  the  opinion  from  his  own  work,  that  the  criti- 
cal point  marks  the  limit  of  the  liquid  condition,  and  suggests 
the  term  "vapor"  for  matter  just  above  the  critical  point.  It, 
however,  seems  best  to  still  limit  the  states  of  matter  to  three, — 
gas,  liquid,  and  solid, — as  Hardin  points  out.'  Defining  gas  as  we 
do,  as  having  neither  any  definite  form  nor  occupying  any  fixed 
volume,  but  capable  of  nearly  indefinite  expansion,  it  is  ob- 
vious that  a  substance  above  the  critical  point  is  in  the  gaseous 
condition. 

Just  as  a  liquid  can  be  transformed  into  a  gas  without  any  break 
in  continuity,  so  can  a  gas  be  transformed  into  a  liquid  by  a  continu- 
ous process.  The  gaseous  and  liquid  states,  then,  approach  as  the 
critical  point  is  reached,  and  either  can  be  made  to  pass  into  the 
other  without  any  breach  in  continuity. 

The  Kinetic  Theory  of  Liqnids. — The  close  relation  which  we 
have  just  seen  to  exist  between  liquids  and  gases  has  led  to  the 
application  of  the  kinetic  theory  of  gases  also  to  liquids.  Since  the 
passage  from  a  liquid  to  a  gas,  and  vice  versa,  under  certain  condi- 
tions is  so  gradual  that  we  cannot  say  where  the  one  state  of  aggrega- 
tion ends  and  the  other  begins,  it  is  highly  probable  that  any  theory 
which  obtains  for  the  one  state  would  apply,  to  some  extent  at  least, 
to  the  other. 

The  liquid  state,  as  we  have  seen,  represents  matter  in  a  much 
more  concentrated  condition  than  the  gaseous  state.  There  is  a 
much  larger  number  of  molecules  in  a  given  volume  of  a  liquid,  and 
consequently  the  collisions  between  the  moving  molecules  are  much 
more  frequent.  There  would  thus  result  in  the  liquid  an  enormous 
pressure,  were  it  not  for  the  attractive  forces  between  the  molecules. 
These  attractive  forces  hold  the  molecules  together  and  prevent  them 
from  flying  off  with  explosive  violence.  Only  those  molecules  which 
approach  the  surface  of  the  liquid  with  unusually  great  velocity  can 
80  far  escape  from  the  attractions  of  the  other  liquid  molecules  as  to 
fly  off  into  the  space  above  the  liquid.  This  explains  the  existence 
of  vapor  above  every  liquid.  We  know,  however,  that  if  these  mole- 
cules fly  off  into  a  closed  space  above  the  liquid,  the  vapor-pressnre 
thus  produced  cannot  exceed  a  certain  limit  at  any  given  tempera- 

1  Jamin :  Phil  Mag.  [6],  16, 76  (1883).  Cailletet  and  Colardeau :  Ann.  Chim, 
Phys.  [fl],  18,  269  (1889). 

2  Proc.  Boy.  Soc.  80,  478  (1880). 
•  Liquefaction  of  Oases,  p.  96. 
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ture.  We  can  clearly  see  the  reason  for  this  in  terras  of  our  theory. 
The  molecules  of  the  vapor,  in  their  movements  through  the  confin- 
ing space,  come  in  contact  with  the  surface  of  the  liquid.  Some  of 
these  are  continually  coming  within  the  range  of  the  attractive  forces 
of  the  liquid  molecules,  and  are  drawn  down,  as  it  were,  into  the 
liquid  again.  There  is  thus  a  continual  exchange  going  on  between 
the  liquid  and  the  vapor,  some  liquid  particles  passing  off  as  vapor, 
and  some  vapor  particles  condensing  as  liquid,  untU  a  condition  of 
equilibrium  is  reached.  Equilibrium  is  established  when  the  vapor- 
pressure  has  reached  such  a  point  that  the  sarae  number  of  gaseous 
molecules  are  condensed  in  any  unit  of  time  as  there  are  liquid  mole- 
cules converted  into  vapor.  We  have  seen  that  it  is  only  the  mole- 
cules with  the  greatest  kinetic  energy  which  can  so  far  overcome  the 
molecular  attractions  as  to  escape  from  the  liquid  as  vapor,  and  this 
of  course  lowers  the  mean  kinetic  energy  of  the  liquid.  We  know 
that  when  a  liquid  evaporates,  the  mean  kinetic  energy  of  the  liquid 
molecules  decreases,  or,  as  we  say,  the  temperature  is  lowered.  If 
the  liquid  is  in  such  a  position  that  it  can  absorb  heat,  it  does  so ; 
and  the  heat  required  to  effect  complete  vaporization  of  a  liquid  ia 
very  great.  This  explains  why  the  vapor-tensioo  of  a  liquid  ia 
increased  with  rise  in  temperature.  The  addition  of  heat  increases 
the  kinetic  energy  of  the  liquid  molecules,  and  more  are  capable  of 
overcoming  the  molecular  attractions  and  flying  off  as  vapor  in  a 
given  unit  of  time.  The  number  of  molecules  in  the  condition  of 
vapor  is  therefore  greater,  and  the  vajior-pressure  is  greater  the 
higher  the  temperature. 

So  much  for  the  qualitative  application  of  the  kinetic  theory 
of  gases  to  liquids.  The  quantitative  application  will  be  made 
by  attempting  to  apply  the  equation  of  Van  der  Waals  for  gasea 
also  to  the  continuous  passage  from  the  gaseous  to  the  liquid 
condition. 

Van  der  Vaals'  Eqnation  applied  to  the  Continnoiu  Passage  from 
the  Gaseoui  to  the  Liquid  Condition.  —  The  equation  of  Van  der  'Waals 
for  gases,  it  will  be  remembered,  is  :  — 


lory.       \ 


=  RT. 


Wlien  this  is  arranged  with  respect  to  tiie  powers  of  v,  we  have :  — 
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This  equation  has  three  solutions,  being  a  cubic  equation,  whicli 
means  that  there  are  three  values  of  v  for  any  given  value  of  p. 
We  can  understand  the  significance  of  two  volumes  for  one  pressure, 
the  one  that  of  the  liquid,  the  other  that  of  th'e  vapor ;  but  of  the 
third  we  know  nothing.  If  we  construct  the  curve  corresponding  to 
the  above  equation,  we  will  have  the  following  figure  (Fig.  11). 
The  abscissas  represent  volumes,  and  the  ordioates  pressures.  Each 
is  an  isothermal  curve,  and  the  temperature  increases  from  curve  1 
to  curve  6.  Curve  1  represents  a  temperature  below  the  critical 
temperature,  and  curve  6  is  above  the  critical  temperature.  If  we 
follow  one  of  these  isothennals,  say  1,  we  find  that  as  the  pressure 
increases  from  A  to  C,  the  volume  continually  decreases ;  but  as  the 
pressure  decreases  from  C  to  E,  the  volume  still  continues  to  de- 
crease. As  the  pressure  increases  again  from  E,  the  volume  contin- 
oes  to  decrease. 

If  we  compare  this  curve 
with  the  results  of  experi- 
ment,— say  Andrews' work 
with  carbon  dioxide,  —  we 
find  that  the  first  part  of 
curve  1  corresponds  to  the 
results  obtained.  When 
gaseous  carbon  dioxide  was 
subjected  to  increasing 
pressure,  the  volume  de- 
creased as  represented  by 
the  curve  AB.  Since  the 
temperature  is  below  the 
critical,  when  a  certain 
pressure  was  reached,  rep- 
resented by  the  point  B, 
the  gas  liquefied.  The 
volume  thus  changed  very 
rapidly  without  any  change 
in  pressure,  until  a  volume 
corresponding   to   that  of  Fia,  U. 

the    liquid    was    reached. 

This  is  represented  by  the  straight  line  BF.  With  further  increase 
in  pressure  beyond  the  point  F  there  was  very  slight  diminution 
in  volume,  since  the  volume  of  a  liquid  is  only  slightly  changed 
with  large  changes  in  pressure, 

The  portion  of  the  curve  which  cannot  be  verified  experimentally 
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is  that  represented  by  BCDEF.  TLe  temperature  here  is  below  the 
critical,  and  wlien  a  certain  pressure  is  reached  tbere  ia  an  abrupt 
transition  from  the  gas  to  the  liquid.  The  substance  at  this  volume 
is  heterogeneous,  i.e.  'part  gas  and  [Mirt  vapor.  Since  the  equation 
of  Van  der  Waala  applies  only  to  homogeneous  conditions,  —  to  a. 
continuous  transformation  from. one  state  of  aggregation  to  tlie 
other,  —  it  is  obvious  that  it  cannot  apply  to  this  condition.  It  is 
possible  to  follow  the  curve  a  little  beyond  B  by  studying  a  super- 
saturated vapor,  and  to  proceed  a  short  way  from  F  toward  E 
by  studying  a  superheated  liquid,  but  it  is  impossible  to  proceed 
to  any  considerable  distance  because  of  the  instability  of  these 
states. 

If  we  now  CKamine  curves  2,  3,  etc.,  corresponding  to  increasing 
temperatures,  we  find  that  the  three  volumes  corresponding  to  a 
given  pressure  more  and  more  nearly  coincide.  The  middle  portion 
of  the  curve  deviates  less  and  less  from  the  straight  line,  until  in  4 
we  have  the  three  volumes  absolutely  coinciding.  The  physical 
significance  of  this  point,  where  the  three  volumes  become  equal,  is 
very  interesting.  It  is  the  point  where  the  volume  of  the  gas  ia 
equal  to  that  of  the  liquid,  or  where  there  ia  no  discontinuity  be- 
tween the  two  states.  It  is  only  at  this  point  that  gEis  and  liquid 
can  be  transformed  into  one  another  isothermally  and  without  loss 
in  continuity.  The  temperature,  pressure,  and  volume  at  this  point 
are,  respectively,  the  critical  temperature,  critical  pressure,  and 
critical  volume.  In  a  word,  this  is  the  Critical  Point  of  the  sub- 
stance. 

The  method  of  obtaining  this  point  is  evident  from  Fig.  11, 
It  is  only  necessary  to  draw  a  number  of  isothermal  curves  for  con- 
stant values  of  a  and  b  in  the  Van  der  Waals  equation,  starting  at  a 
temperature  considerably  below  the  critical  temperature.  As  the 
temperature  of  tlie  isothermal  approaches  the  critical  temperature, 
the  values  for  the  three  volumes  approach  one  another  and  finally 
become  equal  when  the  isothermal  corresponding  to  the  critical 
temperature  is  reached.  We  can  thus  determine  the  point  K  from 
the  constants  in  Van  der  Waals'  equation,  which  is  the  same  as  to 
say  that  we  can  determine  the  critical  temperature,  critical  pressure, 
and  critical  volume  of  a  substance. 

In  concluding  this  section  attention  should  be  called  again  to 
the  fact  that  the  application  of  Van  der  Waals'  equation  to  liquids 
has  been  only  partially  successful.  While  it  has  shown  relations 
between  properties  a&  different  as  the  deviations  from  the  ordinary 
gas  laws  and  the  critical  constants,  yet  there  are  many  and  quite 
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appreciable  differences  between  the  values  as  calculated  by  means 
of  this  equation  and  as  found  experimentally.  The  explanation  of 
many  of  these  differences  cannot  be  given,  but  a  suggestion  made  by 
Nernst  *  will  doubtless  account  for  some  of  them.  As  he  says,  in 
the  development  of  Van  der  Waals'  equation,  the  assumption  is 
always  made  that  in  the  passage  from  the  gaseous  to  the  liquid  con- 
dition, and  vice  versa,  there  is  no  change  in  the  molecular  condition. 
We  know,  however,  at  present  that  this  assumption  is  not  true.  Many 
substances  in  passing  from  gas  to  liquid  form  complex  molecules  to 
a  greater  or  less  extent.  As  we  shall  see  later,  it  has  been  shown 
that  the  molecules  of  liquid  water  are  made  up  of  four  of  the  sim- 
plest molecules,  while  the  molecule  of  water-vapor  is  the  simplest 
possible.  We  shall  also  see  that  the  molecules  of  many  substances 
in  the  liquid  state  are  complex,  while  in  the  gaseous  state  the  mole- 
cule is  generally  the  simplest  conceivable.  On  account  of  the  very 
incomplete  state  of  our  knowledge  with  respect  to  the  molecular 
weights  of  substances  in  the  liquid  condition,  it  is  impossible  to  say 
at  present  whether  molecular  aggregation  in  the  liquid  state  can 
account  for  all  of  the  deviations  of  liquids  from  the  equation  of 
Van  der  Waals. 

In  this  section  the  attempt  has  been  made  to  point  out  the  most 
striking  relations  between  liquids  and  gases,  and  in  doing  this  some 
general  properties  of  liquids  have  been  considered.  We  must  now 
study  the  several  properties  of  liquids  more  closely,  and  especially 
any  relations  which  may  exist  between  properties  and  chemical  com- 
position on  the  one  hand,  and  properties  and  constitution  on  the 
other.  Indeed,  it  was  right  in  this  field  that  much  of  the  earlier 
physical  chemical  work  was  done.  The  question  was  raised,  and 
answered  as  far  as  possible,  how  does  the  introduction  of  a  CHj  group, 
or  of  an  oxygen  or  chlorine  atom,  affect  the  physical  properties  of 
the  compound  into  which  it  enters  ?  Or  what  is  the  difference 
between  the  effect  on  one  compound  produced  by  a  given  atom  or 
group,  and  the  effect  on  other  compounds  ?  Then  the  question  of 
the  effect  on  physical  properties  of  an  atom  or  group  in  one  state  of 
combination,  as  compared  with  the  effect  produced  by  the  same  atom 
or  group  in  a  different  state  of  combination,  arose.  What,  for  ex- 
ample, would  be  the  effect  on  the  physical  properties  of  compounds 
produced  by  an  oxygen  atom  in  the  hydroxyl  condition,  with  respect 
to  an  oxygen  atom  in  the  carbonyl  condition  ?  In  a  word,  how  would 
constitution  affect  properties  ? 

1  See  Nemst :  Theoretische  Chemie^  p.  237. 
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A  great  many  interesting  and  important  relations  between  compo 
sitiou  and  properties,  and  constitution  and  properties  have  been 
discovered.  Moat  of  this  work  has  been  done,  as  ive  wonld  ex[>ect, 
with  liquids,  and  will,  therefore,  be  taken  up  in  this  chapter.  We 
shall  now  take  up  in  turn  the  thermal  properties  of  liquids,  the 
optical  properties,  and,  in  addition,  a  number  of  more  or  less  appar- 
ently disconnected  physical  properties  of  liquids ;  and  shall  especially 
point  out  in  every  ease  the  more  important  relations  which  have 
been  discovered  betweea  the  property  in  question  and  chemical 
composition  and  constitution. 


iictu        I 


THE  vai'or-pressi;re  and  boiling-point  of  liquids 

The  Vapor-pressure  of  Liquids.  —  When  a  liquid  is  in  contact 
with  free  apace,  it  continually  sends  off  particles  into  this  space,  as 
we  have  seen,  Given  a  liquid  in  contact  with  an  inclosed  space; 
particles  are  constantly  escaping  from  the  surface  of  the  liquid,  but 
at  the  same  time  vapor-|)article3  are  condensing.  Finally,  an 
equilibrium  will  be  established  between  the  liquid  and  its  vapor, 
when  the  same  number  of  particles  escape  in  unit  time  as  con- 
dense in  the  same  time.  The  vapor-pressure  exerted  by  a  liquid 
is  the  pressure  of  its  vapor  when  this  condition  of  equilibrium  has 
been  reached. 

The  condition  of  equilibrium  varies,  as  we  have  seen,  with  the 
temperature,  and  the  vapor- pressure  also  vai-ies ;  the  higher  the  tem- 
perature the  greater  the  vapor-pressure.  In  speaking  of  the  vapor- 
pressure  of  liquids  we  must,  then,  always  state  the  temperature  to 
which  the  vapor-pressure  refers.  In  comparing  the  vapor-presaures 
of  liquids  we  could  select  some  temperature  and  measure  the  pressures 
of  their  vapors  at  this  temperature ;  this  method  has  been  extensively 
used. 

The  liquid  whose  vapor-pressure  it  is  desired  to  measure  is  placed 
most  couveniently  above  the  mercury  in  the  vacuum  of  a  barometer 
tube,  and  brought  to  the  desired  temperature.  The  column  of 
mercury  is  depressed,  and  the  amount  of  the  depression  is  measured 
by  reading  the  height  of  the  mercury  in  the  tube  and  also  on  a  second 
barometer.  From  the  difference  in  the  height  of  the  two  columns 
the  vapor- pressure  of  the  liquid  at  the  temjierature  in  question  is 
determined  by  reduction  to  normal  conditions. 

The  objection  to  this  method,  which  has  been  termed  the  statical 
method,  is  that  the  presence  of  any  volatile  impurity  in  the  liquid 
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would  greatly  vitiate  the  results.  The  vapor-pressure  of  the  impurity- 
would  add  itself  to  that  of  the  pure  liquid,  giving  a  vapor-pressure 
which  is  too  great.  This  error  may  be  very  considerable  if  there  is 
only  a  trace  of  the  impurity  present,  as  Tamraann  ^  has  shown. 

A  far  better  method,  and  one  which  can  be  used  at  much  higher 
temperatures  and  pressures,  is  that  known  as  the  dynamical  method. 
The  principle  is  very  different  from  that  of  the  statical  method.  In 
the  latter,  as  we  have  just  seen,  the  temperature  is  kept  constant 
and  the  vapor-pressures  of  the  different  liquids  measured  at  this 
constant  temperature.  In  the  dynamical  method  the  pressure  is 
maintained  constant  over  the  different  liquids,  and  the  temperatures 
at  which  they  boil  determined  accurately  by  means  of  fine  ther- 
mometers. In  the  statical  method  we  measure  vapor-pressures,  while 
in  the  dynamical  method  we  measure  temperatures.  Any  convenient 
pressure  can  be  chosen,  and  the  temperature  at  which  liquids  boil 
under  this  pressure  can  be  measured.  The  pressure  must  be  very 
carefully  regulated,  since  the  boiling-point  of  a  liquid  is  greatly 
affected  by  comparatively  slight  changes  in  pressure. 

The  results  obtained  by  the  two  methods  for  perfectly  pure  sub- 
stances agree  very  closely,  showing  that  there  is  for  any  liquid  a 
definite  vapor-pressure  for  any  given  temperature.  The  apparent 
differences  between  the  results  of  the  two  methods  have  been  shown 
to  be  due  to  the  large  error  produced  by  traces  of  volatile  impurities, 
when  the  statical  method  is  used.* 

A  number  of  attempts  have  been  made  to  formulate  the  relation 
between  vapor-pressure  and  temperature,'*  but  none  of  these  has  been 
entirely  successful.  The  expressions  which  hold  at  one  temperature 
generally  do  not  hold  at  other  temperatures. 

Belations  between  the  Vapor-pressnres  of  Different  Substances. — 
More  interesting  are  the  relations  which  have  been  discovered  be- 
tween the  vapor-pressures  of  different  substances:  Dalton  *  thought 
that  the  vapor-pressures  of  all  liquids,  at  temperatures  equally  distant 
from  their  boiling-points,  were  equal.  While  this  holds  approxi- 
mately for  certain  classes  of  substances,  it  is  far  from  the  truth  in 
many  cases.  The  expression  proposed  by  DUhring  is  more  rational, 
and  holds  in  a  much  larger  number  of  cases.    The  vapor-pressures 


1  Wied.  Ann,  88,  683  (1887). 

3  Ramsay  and  Young:  Ber,  d.  chem,  Qesell.  18,  2866  (1886);  19,  60,  2107 
(1886);  aO,67  (1887), 

«  Compt.  rend,  104,  1668  (1887). 

*  Mem.  Lit  Phil,  Soc,  Manchester,  6,  660. 
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are  equal  at  temperatures  which  are  at  proportional  distancea  from 
the  boiling-points. 

The  formula  expressing  the  generalization  of  Dilhring  ia ;  — 

I'  =  I"  -  imf+ft  =  I"  +Jli  -  100). 

t'  is  the  boiling-point  of  the  substance  under  the  pressure  in 
question ;  t"  its  boiling-point  under  a  pressure  of  76  cm,  of  mercury, 
and  (  and  100  the  corresponding  temperatures  for  water ;  /  is  a  con- 
stant factor. 

Duhring  showed  that  this  equation  holds  approximately  in  many 
cases;  but  that  there  are  etrikiug  exceptions  was  pointed  out  by 
Winkelmann.'  The  tatter,*  in  turn,  proposed  an  expression  for  the 
relation  between  vapor-preasure  and  temperature,  which  is  indepen- 
dent of  the  nature  of  the  substance ;  but  reference  only  can  be  made 
to  it. 

Tlie  relation  discovered  by  Ramsay  and  Young'  should,  however, 
receive  closer  attention.  If  R  is  the  ratio  of  the  absolute  tempera- 
tures of  the  two  bodies,  corresponding  to  any  vapor-pressnre  which 
is  the  same  for  both  of  them ;  R'  the  ratio  at  any  other  pressure, 
which  again  is  the  same  for  both;  t  and  t'  the  temperatures  of  one 
of  the  bodies  corresponding  to  the  two  vapor-pressures,  and  c  a  con- 
stant with  a  small  plus  or  negative  value,  or  may  equal  zero;  then 

R'^R  +  c(('  -  0- 

When  c  =  0,  R'  =  R,  which  means  that  the  ratio  between  the 
absolute  temperatures  is  a  constant  at  all  vapor-pressures.  If  c  has 
a  small  positive  or  negative  value  this  can  readily  be  calculated. 
Ramsay  and  Young  showed,  by  comparing  a  dozen  or  fifteen  sub- 
stances with  one  another,  that  their  formula  agrees  with  the  facts  to 
within  a  comparatively  small  limit.  They  *  tested  still  further  the 
relation  between  the  absolute  temperatures  of  equal  vapor-pressures, 
expressed  by  their  equation.  Using  the  determinations  of  the  vapor- 
pressures  of  many  esters,  made  by  Schumann,'  and  calculating  the 
ratios  of  the  absolute  temperatures  of  all  of  them  to  those  of  ethyl 
acetate  at  the  same  pressure,  it  was  found  for  pressures  ranging 
from  200  to  1300  mm.,  that  the  ratio  of  the  absolute  temperatiires 
is  a  constant  at  all  pressures.  This  is  shown  by  a  few  results  taken 
from  the  paper  of  Ramsay  and  Yonng. 


'  WUil.  Ann.  9,  301  (1880). 

«/ftM.  9,  208(18811). 

•  Phil.  Mag.  21.  33  (188(1). 


2  (1886).  ^^ 

40  (1881).     ^^^^ 
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Pkessuses. 


200  MM. 

160  MM. 

1800  MM. 

MEAN. 

Methyl  formate 

.8706 

.8720 

.8715 

.8714 

Ethyl  formate     . 

.9323 

.9352 

.9344 

.9340 

Methyl  acetate    . 

.9431 

.9440 

.9420 

.9430 

Propyl  acetate     . 

1.0690 

1.0677 

1.0678 

1.0682 

Methyl  propionate 

1.0073 

1.0080 

1.0073 

1.0076 

Ethyl  propionate 

1.0614 

1.0606 

1.0616 

1.0611 

Methyl  butyrate 

1.0716 

1.0720 

1.0724 

1.0720 

Ethyl  isobutyrate 

1.0936 

1.0943 

1.0963 

1.0944 

Methyl  valerate  . 

1.1139 

1.1131 

1.1135 

1.1135 

Ethyl  valerate     . 

1.1619 

1.1634 

1.1642 

1.1632 

From  the  mean  ratio  for  each  ester  between  its  absolute  tempera- 
ture and  that  of  ethyl  acetate  at  the  same  pressure,  and  from  the 
temperatures  of  ethyl  acetate  at  the  three  pressures,  the  boiling- 
points  of  the  twenty-seven  esters  were  calculated.  The  results  are 
given  by  them  in  a  table,  together  with  the  temperatures  as  deter- 
mined experimentally.  In  no  case  does  the  calculated  value  differ 
from  the  observed  by  more  than  0®.7.  This  is,  of  course,  a  striking 
confirmation  of  the  general  truth  of  the  relation  pointed  out  in  the 
equation  of  Ramsay  and  Young. 

Belations  between  Boiling-points  and  Composition  and  Constitu- 
tion. The  Work  of  Kopp.  —  The  relations  between  composition  and 
constitution  and  boiling-points  have  been  extensively  investigated 
among  the  organic  liquids.  Kopp,^  as  early  as  1842,  extended  his 
investigations  of  other  physical  properties  of  substances  to  their 
boiling-points,  and  discovered  comparatively  simple  relations  between 
the  boiling-points  of  liquids  and  their  composition.  He  showed  that 
as  the  compound  increases  in  complexity  the  boiling-point  is  raised. 
An  ethyl  compound  boils  about  19®  C.  higher  than  the  corresponding 
methyl  compound.  A  little  later  in  the  same  year  *  he  formulated 
his  generalization,  that  equal  differences  in  the  composition  of  organic 
compounds  correspond  to  equal  differences  in  the  boiling-point.  This 
would  be  very  remarkable  if  it  were  true,  but  we  shall  see  that  it  is 
only  an  approximation. 

If  the  law  of  Kopp  was  rigidly  true,  then,  isomeric  compounds, 
flince  they  have  the  same  composition,  must  boil  at  the  same  tem- 


»Lfe6.^nn.  41,  79(1842). 


2  Ibid.  41,  169  (1842). 
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perature.  Kopp  pointed  out  in  1844'  that  this  ia  not  the  case. 
Ethyl  acetate  and  butyric  acid  are  isomeric,  yet  the  former  boils  82° 
lower  than  the  latter.  These  isomeres,  however,  are  not  of  similar 
constitution.  He  determined,  then,  the  boiling-points  of  isomeric 
substances  whose  constitutions  are  similar. 


I  Methyl  acelaW,     CIIiCOOCH,      . 

[  Etliyl  formate,      HCOOCjHi 

(  Methyl  valerate,    CH,CIIjCHsCH;COOCHs 

J  Ainjl  torniate,      HCOOCiH,, 

( Ethyl  batyntte,     CH,CHjCHiCOOC,H, 


se" 


M 


It  would  appear  from  these  results  that  isomeric  substances 
having  similar  constitution  have  the  same  boiling-point,  to  within 
the  limit  of  experimental  error. 

In  1855  Kopp*  published  the  results  of  an  elaborate  investiga- 
tion on  the  boiling-points  of  organic  liquids.  He  included  in  this 
work  a  number  of  alcohols,  acids,  and  ethereal  salts.  A  few  of 
his  results  will  show  that  his  conclusions  are  substantiated  by  the 


Metliyl  alcohol, 

CHiO 

.      06" 

Ethyl  alcohol, 

C,II,0     .        .        . 

.         .      78" 

Propyl  alcohol, 

C,B^      .        .        . 

.         .      06" 

Butyl  alcohol. 

CiHioO     .        . 

.    100" 

Foniiic  acid, 

HCOOH   . 

.    105" 

Acetic  acid. 

CHbCOOH 

.    117° 

Propionic  acid. 

C,H.COOH       . 

.    142" 

Batyrlc  acid. 

C,H,COOH       .         . 

.    IW 

Ethyl  torwat*. 

HC()OC,H,       . 

.      65° 

Ethyl  acetate, 

cn,cooc,n,  .      . 

.      74° 

,  CjIItCOOCjHs- 

.         .      06° 

Kopp'  drew  the  general  conclusion  from  this  work  that,  "for 
homologous  compounds  belonging  to  the  same  aeries,  the  difference 
in  boiling-points  is,  in  general,  proportional  to  the  difference  in 
composition.    The  difference  in  boiling-point,  corresponding  to  the 


1  Lieb.  Ann.  60,  71  (1844). 


'  ll'iil.  M,  1  (1865). 
i(rf.  96,  32  (1865). 
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difference  in  composition  of  CH^,  is  the  same  in  many  series  of 
compounds,  and  is  equal  to  19." 

Work  since  the  Time  of  Kopp.  —  More  accurate  experimental 
work  has  subsequently  shown  that  there  is  no  law  connecting  the 
boiling-points  of  substances  and  their  composition  and  constitution. 
Indeed,  it  would  be  most  remarkable  if  any  such  law  did  exist,  since 
the  boiling-points  of  liquids  are  the  temperatures,  measured  from 
the  freezing-point  of  water,  at  which  their  vapor-pressures  just  over- 
come the  atmospheric  pressure.  These  boiling-points  evidently  bear 
no  close  relation  to  any  fundamental  property  of  the  compound,  and, 
therefore,  are  not,  strictly  speaking,  comparable  temperatures. 

While  no  generalization  worthy  of  the  name  of  law  connects  the 
boiling-points  of  substances  with  their  composition  and  constitution, 
a  number  of  relations  between  them  have  been  found  to  exist.  Ditt- 
mar*  showed  that  the  two  isomeric  substances,  ethyl  formate  and 
methyl  acetate,  do  not  have  the  same  vapor-tension  at  the  same  tem- 
perature, that  of  ethyl  formate  being  the  greater  throughout.  He 
gives  the  temperatures  of  equal  vapor-pressures,  and  they  are  as 
follows :  — 

Ethyl  formate     ...    20°         26*^         33°         43°         53° 
Methyl  acetate    .    .    .    21°.7      27°.8      34°.7      44°.6      64°.4 

The  boiling-point  of  methyl  acetate  is,  therefore,  higher  than  that 
of  ethyl  formate. 

That  isomeric  compounds  do  not  boil  at  the  same  temperature, 
but,  if  they  have  similar  constitution,  boil  at  nearly  the  same  tem- 
perature, is  shown  by  the  following  examples :  — 

BOILINO-POIMT 

Octyl  formate,    C9H18O2 198°.  1 

Heptyl  acetate,  C9Hi80a 191°.3 

Amyl  butyrate,  C9H18O2 184°.  8 

Butyl  valerate,  C9H18O2 186°.8 

Kopp  supposed,  as  we  have  seen,  that  within  a  homologous  series 
of  compounds  a  constant  difference  in  composition  corresponds  to 
a  constant  difference  in  boiling-point.  This  was  found  by  Schor- 
lemmer'  not  to  be  true  for  the  normal  pai*affine  hydrocarbons  and 
some  of  their  derivatives,  as  the  following  results  will  show,  b.-p,  rep- 
resents the  boiling-point,  and  d,  the  difference  between  the  boiling- 
points  of  two  successive  members  of  a  homologous  series. 

1  Lieb.  Ann.  Suppl.  6,  328  (1868). 
a  Lieb,  Ann.  161,  263  (1872). 
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h.-p.       a. 

6..;.. 

a. 

b..p,        a. 

CJI,„ 

■  ^  - 

CHsCl    . 

.     12-.5 

83°.e 

31''.2 
28''.0 

C=HsBr    . 

.  128-.7   ''  -^ 

C(ll,a 

C«H,C1    . 

.     48°.  1 

C.HiBr    . 

CfiHu 

■     '»•      2^ 

C.H,C1    . 

.     77".  8 

C^,Br'  . 

C,Hu 

.   124=       '''' 

CUuCl  . 

.  105°.  8 

CsHiiBr  . 

CsH„ 

ft.-y,.         a. 

ft.-j.. 

d. 

CH,I 

CiHeO  .  . 

.     W.i 

18=.G 
19°.0 

2r.o 

1«°.0 

J 

CH.] 

C,H,0  .  . 

.     97°.0 

■ 

C,H,I 

C4H,oO    . 

.  llfl'.O 

^ 

CiH.I 

C(H,aO    . 

.  IST-.O 

CHul 

C,U„0    . 

.  IHi-.B 

It  fallows  from  these  results  that  as  the  compounds  become  more 
complex,  the  difEerence  between  the  boiling-points  of  two  succeeding 
merabers  of  a  homologous  series  becomes  leas.  This  is  what  we 
would  naturally  expect,  since  the  larger  the  number  of  carbon  and 
hydrogen  atoms  in  the  molecule  the  smaller  the  influence  of  a  CHi 
group  when  introduced  into  the  compound.  This  same  relation  is 
brought  out  by  Zwicke  and  Franehimont.,'  though  perhaps  in  not 
quite  so  striking  a  manner,  in  connection  with  the  acids  of  the 
pai'affine  series  and  sooie  of  their  esters. 


B.,u-«..o,^ 

ETim.  KiH.. 

Acetic  acid, 
Propionic  acid. 
Butyric  acid, 
Valeric  acid, 
Caproic  acid, 
CEnanthyiie  acid. 

CUaCOOH       .     .     . 
CHcCOOH      .     .     . 
CiHjCOOH      .     .     . 
CHgCOOH      .     .     . 
CsHiiCOOH    .     .     . 
CHtiCOOH    .     .     . 

118°  0. 

>22°.6 

iW.aC 
>2r.7 

I82°.3C 

>2r.7 

>2r.o 

205''.0<' 

>  18°.0 
22r.O^ 

77°.0- 

\2V.8 
98'.B  / 

\22=.2 
121=.0/ 

S2x23°.0 

"""•°>2ir.O 

The  decrease  in  the  difEerence  between  the  boiling-points  of  suc- 
cessive members  of  homologous  series  of  compounds  with  increase 
in  complexity,  was  found  also  by  Linnemann.'  As  the  result  of 
his  more  accurate  iuveatigations  he  concluded  that  "the  difference 
between  the  boiling-points  decreases,  in  most  of  the  series  thus  far 
studied,  with  increasing  number  of  carbon  atoms,  at  least  among  tha 
earlier  members  of  the  series." 


1  Lieb.  ATin.  IM.  333  (1872). 


*/6frf.  182,39(1872), 
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The  effect  of  constitution  on  boiling-point  is  clearly  shown  by 
the  substituted  hydrocarbons  of  the  benzene  series.  If  one  hydro- 
gen of  the  benzene  ring  is  substituted  by  a  group,  the  resulting  com- 
pound has  a  different  boiling-point  from  its  isomeric  compoimd  with 
two  hydrogen  atoms  in  the  benzene  ring  substituted  by  two  groups. 
When  three  hydrogen  atoms  in  the  benzene  ring  are  substituted  by 
three  groups,  the  compound  has  a  still  different  boiling-point.  This 
is  seen  from  the  following  data  taken  from  the  work  of  Kopp :  — 


b.-p. 

b.-p. 

b.-p. 

CeHs .  C2H5    ISS'^-ISS^  ; 

y  CHs 
C6H4C                 139°-140° 
^CHs 

CeHs  .  CsHt    161°-153°  \ 

y  CHs 
C6H4C                169°-160° 
^CaH, 

/CHs 

CcHs — CHs     les^'-iee^ 

^CHs 

CeHs  •  C4H9           —        [ 

•  CHs 
C6H4  C                176°-178*' 
^CsHt 

yCaHj 
C6H4  C                178°-179° 
^CaH* 

/CU, 
CeH,  —  CHs       183^-184^ 
C2H5 

By  comparing  the  boiling-points  of  isomeric  substances  enclosed 
between  the  same  horizontal  lines,  it  at  once  becomes  apparent  that 
constitution  has  a  marked  influence  on  boiling-point  in  this  series 
of  hydrocarbons.  The  larger  the  number  of  hydrogen  atoms  sub- 
stituted by  groups,  the  higher  the  boiling-point  of  the  resulting 
compound. 

That  constitution  has  a  marked  influence  on  boiling-point  has 
also  been  pointed  out  by  Naumann.^  His  paper  deals  with  the 
hydrocarbons  of  the  parafline  series  and  some  of  their  derivatives, 
including  some  alcohols,  aldehydes,  ketones,  and  acids.  A  few  meta- 
meric  compounds  are  taken  from  the  table  given  by  Naumann. 


Normal  pentane, 
Isopentane, 

Tetramethyl  methane, 


CH3 .  CH2 .  CHa .  CHa .  CHs 


HsC 


>CH.CH2CH8 


HsC 

CHs 

I 
CHs  —  C  —  CHs 

I 
CHs 


b.-p. 
38° 

30° 


0°.6 


1  Ber.  d.  chem.  Qesell.  7,  173  (1874). 
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Normal  butyl  ilcohol, 

CH,.CH,.CH,.CH,OH. 

.     llff* 

g*^  >  CH .  CH,OH      .    . 

.    lor 

&econd«7  butyl  tlcohol 

CH,.CH,.CHOH.CU,  . 
CH, 

.    w 

Tertiwy  bntyl  ulcohol. 

H,C  — C  — OB    .... 

.   8r.5 

CHi 

The  nonuftl  compoimds,  or  those  with  a  chamlike  structure, 
have  the  highest  boiling-points.  The  larger  the  number  of  side 
chains,  the  lower  the  boiling-point  of  the  compound.  This  is  some- 
times expressed  br  sajring,  the  more  symmetrical  the  compound  the 
lower  its  boiling-point  Naumann'  attempts  to  explain  the  higher 
boilittg-p<HDt  of  the  normal  compounds  as  due  to  their  cbwilike 
KtnictUT«.  The  molecules  constructed  in  this  way  make  better  con- 
tact than  when  there  are  side  chains  to  the  molecules,  and  the 
larger  the  number  of  side  chains  the  poom  the  conta<!t  between 
the  molecules.  The  better  the  contact  between  the  molecules,  the 
higher  will  be  the  temperatore  requited  to  tear  the  molecules  a[ut 
and  send  them  off  as  vapor;  eoDseqnently,  the  more  nearly  the  com- 
pound conforuis  to  the  chain  stmctnic,  the  high^'  wiU  be  its  boiling- 
point. 

In  the  light  of  oar  present  nwoqitians  of  stmctnre  and  of  the 
energy  relations  in  sabstances,  this  exfdanatiaa  cannot  be  retj  seri- 
ously considered. 

\Ve  haTT.  on  the  other  hand,  already  seen  that  the  gnUer 
the  number  of  substituting  groups  in  the  benzcoe  hydrocarbaoa,  ihe 
higher  the  boiliag^oint.  This  •ppmamt  diauepuicy  between  tbe 
two  aeries  of  eoBpooBcb  nwd  oowticM  bo  gnmt,  aorpriae,  if  we  eoo- 
adcv  the  TC17  diltewit  oonslitnCicas  of  tlie  paiafiMa  and  faoocne 
canpoDnda. 

Of  llw  iwerie  snbrtitation  prodnrts  of  benw  Ae  twAe  oob- 
pounds  in  geneial  boU  higher  Uian  the  awtn,  and  tlMs%  in  tnra,  n 
Uttle  higher  than  tlw  pun  eanpnnds.  Tliis  again  ia  only  an  ap> 
pn»imat«  rdation,  to  whir^  van  j  ejneptions  are  known. 

— The  boiliiig^MUitB  ef  a 

hy  the  intJodiwIiQa  at  aettea  m 

boa  «<  a  thhaiae  atoat  into  ft  ■Uhyl  1 

of  tike  eaapOBBd  ahMk  AT  to  <P.    Tte  imraloctiaB  of  a  • 

>  aw;  *.  dbm.  CMriL  T.  ITS  (1«7I>. 
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third  chlorine  atom  has  a  much  less  marked  influence  on  the  boiling- 
point.  This  is  shown  by  acetic  acid  and  its  chlorine  substitution 
products. 


Acetic  acid,  CHaCOOH 
Monochloracetic  acid,  CHaClCOOH 
Dichloracetic  acid,  CHCI2COOH 
Trichloracetic  acid,  CCUCOOH 


118°.0 
186°.0 
1»4°.0 
198°.0 


d. 


67°.0 
9°.0 
4°.0 


A  rise  in  boiling-point  is  produced  when  chlorine  is  replaced  by 
bromine,  and  a  still  further  rise  when  bromine  is  replaced  by  iodine. 

It  should  be  observed  that  most  of  the  relations  pointed  out 
between  boiling-points  and  composition  and  constitution  are  only 
regularities,  which  hold  in  a  large  majority  of  cases.  Exceptions  to 
many  of  these  are  not  wanting.  Thus,  hydrogen  replaced  by  chlo- 
rine generally  means  that  the  chlorine  substitution  product  will  boil 
higher  than  the  original  substance,  but  Henry  *  has  shown  that  when 
the  hydrogen  in  acetonitrile  is  replaced  by  chlorine  the  monochlor- 
nitrile  boils  higher  than  the  original  compound.  When  the  second 
and  third  hydrogen  atoms  of  the  nitrile  are  replaced  by  chlorine, 
the  resulting  compounds  boil  lower  than  the  monochlor  derivative, 
and  the  trichlomitrile  boils  almost  as  low  as  the  original  nitrile 
itself. 


b.-p. 

b.-p. 

CH3CN         .... 

CHjClCN  .... 

81° 
123° 

CHCI2CN 

CClaC^  .... 

112° 
83° 

In  dealing  with  these  regularities  in  boiling-points  we  must  re- 
member that  they  are  only  the  first  approximations  to  the  truth. 
We  should  scarcely  speak  of  them  as  generalizations,  unless  in  a 
very  narrow  and  imperfect  sense,  and  still  less  should  we  regard 
them  as  laws  of  nature.  We  should  consider  them  as  the  pioneer 
efforts  in  a  direction  which  some  day  will  lead  to  a  fundamental  and 
deep-seated  generalization,  which  will  throw  much  light  on  the  inter- 
and  intrarmolecular  condition  of  matter. 


Ber.  d.  chem,  Gesell  6,  734  (1873). 
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HEAT  OF  VAPORIZATION 

Heat  of  Vaporization.  Methods  of  Determining.  —  AVe  have  seen 
in  the  preceding  section  that  quite  ditferent  temperatures  are  required 
to  convert  ditferent  liquids  into  vapor  at  the  same  pressure;  the 
boiling-points  of  liquids  are  very  difEerent.  We  shall  now  learn  that 
very  difEerent  amounts  of  heat  are  required  to  convert  comparable 
quantities  of  liquid  into  vapor. 

Whenever  a  liquid  is  converted  into  vapor,  a  large  amount  of  heat 
disappears  as  such.  A  part  of  this  is  consumed  in  doing  work  in 
driving  back  the  air,  since  a  small  volume  of  liquid  occupies  a  com- 
paratively large  volume  in  the  foroi  uf  vapor.  The  amount  of  this 
work  can  be  easily  calculated,  knowing  the  pressure  of  the  air  and 
the  volume  of  the  vapor  farmed.  It  has  been  found  that  only  a 
small  part  of  the  heat  that  disappears  iu  vaporization  is  consumed  in 
doing  external  work  ;  the  larger  part  does  internal  work  in  the  liquid, 
transforming  it  from  the  liquid  to  the  gaseous  condition. 

In  measuring  the  heat  of  vaporization  of  a  liquid,  we  can  either 
measure  the  amount  of  heat  required  to  convert  a  given  quantity  of 
the  liquid  into  vapor  at  the  same  temperature  as  that  of  the  liquid, 
or  we  can  condense  the  vapor  to  liquid  and  measure  the  amount  of 
heat  liberated  during  the  process  of  condensation,  since  we  know 
that  the  heat  liberated  in  condensation  is  exactly  equal  to  that  con- 
sumed in  vaporization.  It  is  far  simpler  to  nie^aure  the  heat  liber- 
ated during  condensation,  and  this  has  been  done.  The  apparatus 
devised  by  Schiff '  has  some  advantages  over  that  constructed  several 
years  earlier  by  Berthelot.'  If  the  vapor  is  condensed  in  a  calorim- 
eter containing  water  at  ordinary  temperatures,  the  heat  given  up 
to  the  calorimeter  is  that  required  to  vaporize  the  liquid,  plus  the 
heat  consumed  in  raising  the  liquid  from  the  temperature  of  the 
calorimeter  to  its  own  boiling-point.  The  latter  quantity  must  be 
subtracted  from  the  total  heat  as  measured  in  the  calorimeter  to 
obtain  the  heat  of  vaporisation  of  the  liquid. 

Belatioiu  between  Heats  of  Vaporization.  The  Law  of  Tronton. 
— To  discover  any  relations  which  may  exist  between  the  heats  of 
vaporization  of  difEerent  substances,  we  must  deal  with  comparable 
quantities  of  substances.  It  is  most  convenient  to  use  gram- molecular 
quantities,  and  we  would  then  have  to  do  with  molecular  heats  of 
vaporization.  An  extremely  interesting  and  probably  very  important 
relation  between  the  molecular  heats  of  vaporization  of  different  sub- 

'  Lifb.  Ann.  234,  338  (1880).         =  Ann.  Chim.  Fhys.  [6],  13,  55")  (1B77). 
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stances  was  discovered  by  Trouton.*  The  molecular  heats  of  vapori- 
zation are  proportional  to  the  absolute  temperatures  at  which  the 
liquids  boil. 

That  this  relation  is  very  nearly  true  is  seen  from  the  following 
data,  taken  from  the  work  of  Schiff.*  Mh  is  the  moleculai-  heat  of 
vaporization,  and  Tthe  absolute  boiling  temperature  of  the  substance. 


BOILUVQ-POINT 

Heat  of 
Vaporization 

Mh 
T 

Ethyl  formate,  CsHeOg    . 

53°.  5 

92.2  cal. 

20.8 

Ethyl  acetate,  C4H8O3     . 

77°.0 

83.1    *' 

20.8 

Ethyl  propionate,  CsHioOa 

©8°.  7 

77.1   *» 

21.0 

Methyl  butyrate,  CsHioOg 

102°.  3 

77.3  " 

20.9 

Methyl  valerate,  C6H12O8 

116°.3 

70.0  " 

20.9 

Ethyl  valerate,  C7H14O2  . 

134°.0 

64.7   *' 

20.6 

Isoamyl  acetate,  CtHuOs 

142°.0 

66.4   " 

20.7 

iBoamyl  isobutyrate,  CgHigOa  . 

169°.0 

57.9  " 

20.6 

Benzene,  C^He 

80°.35 

93.5   " 

20.6 

Toluene,  C7H8 . 

116°.8 

83.6   " 

20.0 

Meta-xylene,  CgHio . 

139°.9 

78.3   *» 

20.0 

Mesytilene,  C9H12    . 

162°.7 

71.8  ** 

19.8 

Cymene,  CioHh 

176°.0 

66.3   " 

19.8 

It  will  be  seen  at  once  that  the  value  of  — -  is  obtained  for  any 

compound,  by  multiplying  its  heat  of  vaporization  by  its  molecular 
weight  to  obtain  the  molecular  heat  of  vaporization,  and  dividing 
this  by  the  boiling-point  of  the  substance  plus  273®. 

These  results,  which  are  a  few  taken  from  many,  show  to  within 
what  limits  the  law  of  Trouton  holds  good  for  these  classes  of  sub- 
stances.   Ostwald '  has  calculated,  from  the  measurements  of  others, 

the  ratio  —  for  entirely  different  classes  of  substances :  — 


BoiLINO-POUfT 

Hkat  of 
Vaporization 

Mh 
T 

Nitric  acid,  HXOs    .... 

86° 

72.5 

20.2 

Bromine,  Br2 

63° 

75.7 

22.5 

Ethylene  bromide,  C2H4Br2     . 

111° 

82.3 

21.5 

Ethyl  bromide,  CsHgBr    . 

41° 

67.2 

21.4 

Methylene  chloride,  CH2CI2     . 

40° 

64.0 

20.5 

Sulphur  dioxide,  SO2 

-18° 

59.0 

23.1 

Cyanogen,  C2N2        .... 

-21° 

56.3 

22.4 

1  Phil  Mag,  18,  64  (1884).  2  Xi>ft.  Ann.  234,  338  (1886). 

8  Lehrh.  d.  alhj.  Chem.  1,  355. 
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The  luolecuJar  heats  of  vaporization  are  expressed  in  units  which 
are  one  hundred  times  as  large  as  those  in  the  above  table. 

The  law  of  Trouton  is  thns  shown  to  hold  very  closely  for  a 
number  of  classes  of  substances.  While  we  at  present  do  not  see  the 
full  significance  of  this  relation  between  heat  of  vaporization  and  abso- 
lute boiling-point  of  a  substance,  we  cannot  escape  the  conviction  that  it 
is  the  expression  ofsonie  principle  of  profound  significance,  connecting 
the  energy  relations  of  the  lii[uid  and  gaseous  states  of  aggregation. 

Heat  of  Vaporization  at  the  Critical  Point  —  We  have  seen  that 
the  critical  point  is  that  at  which  all  difEerences  between  the  liquid 
and  its  saturated  vapor  disappear.  It  is,  therefore,  necessary  that 
at  the  critical  point  the  heat  of  vaporization  should  become  zero. 
This  has  been  verified  experimentally  by  Mathias.'  He  devised  a 
coustant  temperature  method,  applied  it  to  sulphurous  acid,  carbon 
dioxide,  and  nitrous  oxide,  and  showed  at  least  in  the  case  of  carbon 
dioxide,  that  at  the  critical  point  the  latent  heat  (heat  of  vaporization) 
is  absolutely  zero.  This  is  another  interesting  condition  which  ob- 
tains at  that  very  remarkable  point,  known  as  the  critical  point  of  a 
liquid. 

SPECIFIC   HEAT  OF    LIQiriDS 

Specific  Heat  of  Liquids.  Hethodi  of  Determining.  —  Just  as  the 
amount  of  heat  required  to  convert  comparable  quantities  of  difpM^nt 
liquids  into  vapor  varies  for  every  liquid,  so,  also,  the  amount  of 
heat  consumed  in  raising  a  liquid  through  any  given  range  of 
temperature  varies  from  one  liquid  to  another.  The  relative 
amounts  of  heat  required  to  raise  unit  quantities  of  different  sub- 
stances through  the  same  range  of  temperature  are  known  as  the 
specific  heats  of  the  substances  in  question.  Water  is  taken  as  the 
unit,  and  the  specific  heats  of  other  substances  compared  with 
the  specific  heat  of  water.  The  amount  of  heat  required  to  raise 
the  temperature  of  one  gram  of  wat«r  from  0°  to  l''C.  is  termed  a 
caloric'  The  quantity  of  heat  required  to  raise  the  temperature  of 
one  gram  of  any  substance  the  same  amount,  expressed  in  calories,  is 
the  specific  heat  of  the  substance  referred  to  water  as  unity. 

The  earlier  metliods  of  determining  specific  heats  consisted  in 
bringing  the  substance  whose  specific  heat  was  to  be  determined,  at 
a  known  temperature,  in  contact  with  a  substance  whose  specific 
heat  was  known ;  the  temperature  of  the  latter  being  different  from 


Tbese  will  be  considered  under 
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tha€  of  the  former.  The  resulting  temperature  was  determined, 
and  from  these  data  the  specific  heat  of  the  substance  in  question 
could  be  calculated.  Since  water  is  taken  as  the  unit  in  measuring 
specific  heats,  the  substance  in  question  was  usually  mixed  with 
water  and  the  resulting  temperature  determined.  From  the  nature 
of  this  method  it  has  been  termed  the  "  method  of  mixtures."  It  is 
obvious  that  a  number  of  corrections  must  be  introduced,  as  in  all 
calorimetric  measurements,  for  the  specific  heat  of  the  vessel,  etc. 

Bunsen  ^  devised  an  ice-calorimeter  which  has  been  used  for 
measuring  specific  heats.  From  the  amount  of  ice  melted  by  a  given 
quantity  of  any  substance  at  a  definite  temperature,  it  is  easy  to 
calculate  the  specific  heat  of  the  substance.  It  is  of  course  neces- 
sary in  using  this  method  to  know  the  heat  of  fusion  of  ice,  but  this 
has  been  fairly  accurately  determined  as  79.7  calories. 

The  Specific  Heat  of  Water.  —  Since  the  specific  heat  of  water  is 
taken  as  the  unit,  it  is  especially  important  that  this  quantity 
should  be  most  accurately  determined  at  different  temperatures.  It 
was  found  by  Regnault,  and  by  a  number  of  investigators  since  his 
time,  that  the  specific  heat  of  water  is  not  a  constant  for  different 
temperatures.  Very  different  results  have  been  obtained  from  time 
to  time  by  different  experimenters.  Some  found  that  the  specific 
heat  of  water  increased  with  the  temperature,  others  that  there  were 
irregularities  at  about  4**C.,  and  others  still  that  the  specific  heat 
decreased  up  to  a  certain  temperature  and  then  began  to  increase. 
Among  the  most  accurate  determinations  of  the  specific  heat  of 
water  which  have  ever  been  made,  if  not  the  most  accurate,  are  those 
of  Rowland.*  In  connection  with  his  determination  of  the  mechani- 
cal equivalent  of  heat  he  reinvestigated  the  problem  and  found  that 
the  specific  heat  of  water  decreases  from  5®  C.  up  to  about  SO"*  C,  and 
then  began  to  increase  again.  The  results  of  Rowland  are  given  in 
the  following  table,  together  with  those  more  recently  obtained  by 
LUdin:'  — 

KowLAND*B  Results  LCdin*s  Results 


1      0° 

1.0061       i 

6° 

1.0064 

1.0027       ! 

!     10° 

1.0019 

1.0010       1 

16° 

1.0000 

1.0000       ! 

1     20° 

0.9970 

0.9994 

;     26° 

0.9972 

0.9993       1 

I     30° 

0.9969 

0.9996       1 

i     36° 

• 

0.9981 

1.0003 

1  Pogg.  Ann,  141,  1  (1870).      «  The  Mechanical  Equivalent  of  Heat,  p.  120. 

*  Dissertation,  ZUrich,  1896. 
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Rowland '  says  in  connection,  with  his  results,  which  show  that 
the  specific  heat  of  water  decreases  at  first  and  then  begins  to  in- 
crease :  "  However  remarkable  this  fact  may  be,  being  the  fiist 
instance  of  the  decrease  of  the  8])ecific  heat  with  rise  of  temperature, 
it  is  no  more  remarkable  than  the  contraction  of  water  tu  4°." 

BelatioDB  between  Compositioii  and  ConstitutiOR,  and  Specific 
HeatB.  —  To  determine  whether  any  simple  relations  exist  between 
the  composition  and  constitution  of  snbstances  and  their  specific 
heats,  we  must  again  deal  with  comparable  quantities  of  substances. 
We  employ  grara-molecular  quantities  of  substances;  and  when  we 
multiply  the  specific  heat  of  the  substance  referred  to  one  gram  by 
the  molecular  weight  of  the  substance,  we  obtain  its  molecular  heat. 
The  molecular  heats  of  a  number  of  homologous  series  of  compounds 
have  been  calculated  by  Ostwald'  from  their  specific  heats  as  deter- 
mined by  Reis.'  The  molecular  heats  of  a  few  substances  will  be 
given  to  show  the  relations  which  have  been  observed. 


MethyUloohol,    CH.O  3L0. 

Elbyl  alcohol,     CtH.O  SO.b/ 

Propyl  alcohol,   C,HsO  40.5/ 

Butyl  alcohol,    C4H10O  SO.!)/ 

Amyl  ftloohol,    C»H,bO  80.5/ 


Propyl  chloride,  C,H,C1  31.8 
Propyl  bromide,  C,H7Br  32.3 


Propyl  Iodide,       C,H,I  34.S 


Formic  acid,      HCOOH    24.2. 
AcaUoacid,    CH,COOH 
Butyric  acid,  C.HjCOOH 


24.2,  ■ 

>       7.4; 

>2x7.»; 


lu^^^^ 


Benzene, 
Toluene, 
Ethylbenzi 
Mesitylene 


C,H,    33.8. 


These  results  show  that  for  homologous  series  of  compounds  a 
constant  difference  in  composition  (CH,),  corresponds  approximately 
to  a  constant  difference  in  molecular  heat.     The  molecular  heats  of 
the  three  halogens  do  not  differ  very  considerably,  yet  there 
slight  increase  from  the  chloride  to  the  bromide  to  the  iodide. 


'  The  Merhanieal  Equivalent  of  Heal,  p.  13L 
■  Lfhrh.  d.  Allg.  Chem.  11.  p,  585. 
•  Wied.  Ann.  la,  HI  (18H1). 


LIQUIDS  109 

The  effect  of  constitution  on  molecular  heats  is  shown  by  the 
following  isomeric  substances :  — 

MoLKO.  Hbat 

f  Butyric  acid,  C4H8O2 47.4 

I  Isobutyric  acid,  CiUgOs 47.6 

f  AUyl  alcohol,  CsHeO 38.1 

I  Propyl  aldelyde,  CsHeO 32.6 

If  the  constitution  of  isomeric  substances  does  not  differ  greatly, 
the  molecular  heats  are  not  very  different.  If,  however,  the  isomeres 
have  constitutions  which  are  very  different,  the  molecular  heats  may 
differ  widely  from  one  another. 

The  relation  between  composition  and  specific  heat,  which  was 
brought  out  by  the  work  of  Eeis,  was  shown  by  Schiff  ^  not  to  apply 
to  all  classes  of  compounds.  Indeed,  a  marked  exception  was  ob- 
served in  the  case  of  the  esters  of  the  fatty  acids.  "  All  the  esters  of 
the  fatty  acids  have,  aJt  the  same  temperatures,  and,  therefore,  also  at  the 
same  absolute  temperatures,  equal  specific  heats."  He  investigated 
some  twenty-seven  of  these  esters,  and  also  a  number  of  other  classes 
of  compounds,  including  aromatic  hydrocarbons,  fatty  acids,  and  a 
number  of  alcohols. 

As  the  result  of  this  work  Schiff  announced  what  he  termed  a 
law  *  for  all  the  esters  having  the  formula  C2H2„02. 

"  Equal  weights  at  equal  absolute  temperatures  have  equal  heat 
capacities." 

"  Equal  volumes  at  equal  fractions  of  the  absolute  critical  tem- 
perature have  equal  heat  capacity." 

The  relations  between  specific  heats  and  composition  and  consti- 
tution, like  the  relations  between  boiling-points  and  composition  and 
constitution,  must  be  regarded  as  only  approximations.  When  these 
quantities  have  been  more  extensively  and  accurately  measured,  we 
may  be  able  to  arrive  at  some  wide-reaching  generalization,  con- 
necting specific  heats  with  the  chemical  nature  of  the  substances 
in  question. 

We  have  thus  far  studied  some  thermal  properties  of  liquids  — 
boiling-points,  heat  of  vaporization,  and  specific  heats.  Certain 
optical   properties  of  pure  liquids  will  now  be  taken  up. 

1  Lieb.  Ann.  234,  300  (1886).     Ztschr.  phys.  Chem.  1,  376  (1887). 

2  Lieb.  Ann.  234,  331  (1886). 
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THE  REFRACTIVE  POWER  OF  LIQUIDS 

Befraction  of  Light.  Index  of  Refraction.  —  When  a  ray  of  light 
passes  from  one  medium  into  another  of  different  density,  it  is  bent 
out  of  its  course,  or,  as  we  say,  refracted.  For  light  pasaiug  fi'ora 
any  given  medium  into  another,  there  is  a  constant  relation  between 
the  sine  of  the  angle  of  incidence  and  the  sine  of  the  angle  of  refrac- 
tion. This  ratio  is  termed  the  index  of  refraction  of  the  substance. 
If  we  represent  the  angle  of  incidence  by  i,  and  the  angle  of  refrao- 
tion  by  r,  the  index  of  refraction,  »,  is  expressed  thus  :  — 


This  expresses  the  index  of  refraction  of  the  one  medium  with 
respect  to  the  other,  and  is  also  the  ratio  between  the  velocities  of 
monochromatic  light  in  the  two  media. 

If  we  choose  some  medium  as  the  standard  and  determine  the 
indices  of  refraction  of  other  media  in  terms  of  this  standard,  the 
residts  will  be  comparable  with  one  another.  In  practice  the  air  is 
chosen  as  the  most  convenient  standard,  since  light  is  passed  through 
the  air  and  then  through  the  medium  whose  refractive  power  is  to 
be  determined. 

Several  methods  have  been  devised  for  determining  the  refrac- 
tive power  of  liquids.  In  one '  a  hollow  prism  is  iilled  with  the 
liquid,  and  the  amount  by  which  the  ray  of  light  is  bent  out  of  its 
course  in  passing  through  the  liquid  is  determined  by  means  of  the 
spectrometer. 

A  more  convenient  method,  especially  for  use  with  liquids,  is 
based  upon  a  somewhat  different  principle.  When  a  ray  of  light 
passes  from  a  more  refracting  to  a  less  refracting  medium,  there  is 
a  limit  to  the  angle  of  incidence  at  which  refraction  will  take  place. 
Beyond  this  angle  the  ray  will  not  enter  the  less  refracting  medium 
at  all,  but  will  be  totally  reflected.  The  value  of  this  angle  depends 
iilKin  the  relative  refractive  powers  of  the  two  media.  This  prin- 
ciple has  been  made  use  of  by  Pulfrich'  for  determining  the  relative 
refractive  powers  of  substances.  The  Pulfrich  refractometer  consists 
essentially  of  a  rectangular  prism  of  strongly  refracting  glass,  on 
whose  horizontal  surface  there  is  a  small  glass  cylinder  to  receive 


■ao-       ( 


'  Popff.  Ann.  98.  fli  (\»m). 

^ZlfchK  /.  Inslramfalrnkandp,  8,  47;  16.  .' 
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the  liquid  to  be  studied.  The  monochromatic  light  enters  the  liquid 
nearly  parallel  to  the  horizontal  surface  of  the  prism.  Only  those 
rays  can  enter  the  prism  from  the  liquid  whose  angle  of  emergence 
is  less  than  the  angle  of  total  reflection.  The  apparatus  is  provided 
with  a  telescope  and  graduated  circle.  The  telescope  moves  in  a 
vertical  plane,  until  it  is  just  on  the  border  between  light  and  dark, 
and  in  this  way  the  angle  of  emergence  is  determined.  The  size  of 
this  angle  depends  upon  the  relative  indices  of  refraction  of  the 
liquid  and  the  prism.  If  we  represent  this  angle  by  e,  the  index  of 
refraction  of  the  liquid  by  n,  and  that  of  the  prism  by  N,  we  have, — 

n  =  -\/N^  -H  sin*  e. 

This  apparatus  has  a  number  of  advantages  over  all  other  forms  for 

determining  indices  of  refraction.     It  is  very  simple  to  use,  and  gives 

accurate  results ;  it  requires  but  little  time  to  measure  the  refractive 

power  of  any  liquid ;  and  a  small  quantity  of  the  substance  suffices, 

since  it  is  only  necessary  to  cover  that  portion  of  the  surface  of  the 

prism  enclosed  within  the  cup.     Reference*  only  can  be  made  to 

other  applications  of  the  Pulfrich  refractometer.     The  refractive 

power  of  liquids  is  affected  by  temperature  and  wave-length  of 

light,  so  that  these  must  be  kept  constant  to  obtain  comparable 

results. 

Eefractivity  and  Density.  —  A  number  of  formulas  have  been 

proposed  connecting  the  index  of  refraction  of  a  substance  with  its 

density.     Biot  and  Arago  in  1806  proposed  for  gases  the  formula 

n*—  1 

=  const.,  based  on  the  emission  hypothesis  of  light.     The 

d 
theoretical  foundations  for  this  formula  failed  to  exist  after  the 
•emission  hypothesis  was  overthrown,  and  it  was  also  shown  by  direct 
experiment  to  be  a  very  rough  approximation,  holding  only  in  a 
limited  number  of  cases. 

Gladstone  and  Dale*  found  an  empirical  expression  which  was 

very  much  more  nearly  in  accord  with  experimental  results.     Their 

■equation  is, — 

^~"    =  const. 
d 

Landolt '  tested  this  formula  at  different  temperatures  and  found 
that  it  held  very  closely  for  many  substances.     He  also  applied  this 

1  Le  Blanc:   Ztschr.  phys.  Chem.  10,  433  (1892). 
•      2  Phil,  Trans.  (Lond.),  1858. 
•  Lieb.  Ann.  Suppl.  4,  1  (1866). 
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equation  to  mixtures,  and  found  that  it  held  more  satisfactorily 
than  any  other  fonnuia  proposed  up  to  that  time. 

After  the  undulatory  theory  of  light  was  established,  there  was 
no  formula  based  on  any  theoretical  foundation  connecting  the  index 
of  refraction  with  the  density  of  the  substance.  This  was  furnished 
independently  by  H.  A.  Lorentz '  and  L.  Lorenz.'  Lorentz,  from  a 
mathematical  consideration  of  the  electromagnetic  theory  of  light, 
deduced  the  equation  — 

"  ~  .  -  =  const, 

while  Lorenz  in  Copenhagen  derived  the  same  formula  from  the 
undulatory  theory  of  light. 

Since  the  formula  of  Lorentz-Lorenz  was  proposed,  much  work 
has  been  done  comparing  the  results  of  this  formula  with  those  of 
the  formula  of  Gladstone  and  Dale,  On  the  whole  the  latter  expres- 
sion seems  to  fit  the  facts  quite  as  well  as  the  more  complex  formula. 
Dufet,  in  188fi,  and  Sutherland,'  in  1889,  furnished  a  theoretical 
demonstration  of  Gladstone's  law. 

Quite  recently  another  expression  has  been  proposed  connecting 
density  and  refractivity,    Edwards'  suggested  the  formula  — 

nd  '' 

and  showed  that  it  held  approximately  for  a  number  of  compounds, 
over  a  considerable  range  both  of  temperature  and  concentration. 

None  of  the  formulas  proposed  agree  entirely  satisfactorily  with 
the  facts.  Indeed,  it  is  not  at  all  certain  that  there  exists  any  exact 
relation  between  refractivity  and  density,  which  can  be  expressed 
by  a  simple  formula.  Of  the  formulas  proposed,  the  simplest  and 
probably  on  the  whole  the  beat  is  that  of  Gladstone  and  Dale,  and 
Landolt,  — 


n-  1 


-1  . 


This  expression is  termed  the  specific  refractivity.    When 

d 

this  is  multiplied  by  the  molecular  weight  of  the  substance  M,  we 
have  the  molecular  refractivity  =  ^V"  ~    •     For  the  purpose  of  dia- 


i^ 


>  WUa.  Ann.  ».  Ma  (1880);  11,  77  (1880). 

»  jMimal  <le  Fhyn.  447  (1886). 

*  Phil.  Mag.  rt,  141  (1881'). 

'  Amrr.  Cliem.  Joum.  16,  636  (16B4)  ;  17,  473  ()8S6). 
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covering  relations  between  the  refractivities  of  substances  we  must 
compare  their  molecular  refractivities. 

BelationB  between  the  Molecular  Eefraotivities  of  Substances. — 
The  relation  between  ref ractivity  and  composition  has  been  carefully 
worked  out  by  Landolt.*  The  following  results  are  taken  from  his 
papers :  — 

M(n  -  n     •  3/'(n  - 1) 


Water,  HjO    . 

Formic  acid,     CHsOg 
Acetic  acid,      C2H4O8 
Propionic  acid,  CsHeOa 
Butyric  acid,    CiHgOa 


Methyl  alcohol,  CH4O     . 
Ethyl  alcohol,    C2HeO   . 
Propyl  alcohol,  CsHgO  . 
Butyl  alcohol,    C4H10O .    36 
Amyl  alcohol,    C«HisO .    43.89 


Ethyl  formate,  CsHeOg 29.80 

Ethyl  acetate,  CJlsOi 36.16 

Ethyl  butyrate,  CeHiaOj 61.32 

Ethyl  valerate,  C7H14O2 59.20 


Landolt  concluded'  from  a  large  number  of  such  data  that  the 
molecular  refraction  increases  a  nearly  constant  amount  for  the  com- 
mon difference  in  composition  of  CH,.     This  increase  is  about  7.60. 

In  a  similar  manner,  it  was  shown  that  the  molecular  refraction 
of  two  compounds  which  differ  in  composition  by  one  carbon  atom, 
is  about  5.  If  they  differ  by  two  hydrogen  atoms,  the  difference 
between  their  molecular  refractions  is  2.6.  If  they  differ  by  an 
oxygen  atom,  the  difference  between  their  molecular  refractions  is 
about  3  units,  and  so  on.  The  refraction  equivalents  of  a  number  of 
the  elements  were  thus  worked  out. 

Landolt  showed  that  the  refraction  equivalents  of  carbon,  hydro- 
gen, and  oxygen,  in  their  compounds,  were  almost  exactly  the  same 
as  the  refraction  equivalents  in  the  free  ^tate.  From  the  refraction 
equivalents  of  these  elements  he  calculated  the  index  of  refraction  of 
a  number  of  compounds  composed  of  carbon,  hydrogen,  and  oxygen, 
and  compared  the  results  obtained  with  those  found  directly  by  ex- 
periment.   A  few  of  his  results  are  given. 

1  Pogg.  Ann.  122,  545  (1864)  ;  and  128,  596  (1864). 
«  Wied,  Ann.  123,  611  (1864). 
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Take  tlie  case  of  ethyl  alcohol  C,HaO.  The  refraction  equivalent 
of  carbon  is  o,  that  of  hydrogen  1.3,  and  that  of  oxygen  3.  The 
molecular  refraction  of  ethyl  alcohol  would  be  calculated  tlius  ;  — 

2x6  +  6x1.3  +  1x3=20.8. 

index  of  refraction  of  a  compound,  n,  is  calculated  from  the 


molecular  refraction  R,  and  the  density  D,  a 
molecular  weight: —  „ 


follows ;  P  being  the 


In  an  analogous  manner  Laudolt  calculated  the  indices  of  refrac- 
tion of  other  substances. 


Methyl  alcohol,  CH«0   . 
Ethyl  ftloobol.  CjH.O    . 
Propyl  alcohol,  C.UbO  . 
Formic  acid,  ClIiOi 
Acetic  acid,  CgH,(li 
Propionic  acid,  CjH.O, . 
Methyl  acetaW,  C.HgOi 
Ethyl  acetate,  CttlsOi   . 
Methyl  bulymte,  CjHioO 
Methyl  valerate,  C,H„(I, 
Aldehyde.  CjHjO  . 
Acetone,  CiKaO     . 


The  close  agreement  between  the  index  of  refraction  of  s 
number  of  compounds,  calculated  as  described  above,  and  as  found 
experimentally,  led  Landolt  to  the  conclusion  that  Ihe  molenilar  re- 
fraction of  a  compound  is  the  sum  of  the  refraction,  equivalents  of  the 
elements  whick  enter  into  the  compound. 

Landolt '  also  compared  the  molecular  refractions  of  a  number  of 
metameric  substances. 
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The  molecular  refractions  of  metameric  substances  do  not  differ 
very  considerably  from  one  another.  There  are  appreciable  differ- 
ences in  some  cases,  but  even  these  are  not  very  great. 

The  effect  of  constitution  on  molecular  refraction,  while  recog- 
nized by  Landolt,  was  not  carefully  investigated  by  him. 

Effect  of  Constitation  on  Eefractivity.  —  The  first  systematic 
study  of  the  effect  of  constitution  on  refractivity  was  made  by 
Brtihl.^  Gladstone  had  found  that  the  molecular  refraction  of  a 
considerable  number  of  certain  classes  of  substances,  as  calculated 
from  their  composition,  differed  considerably  from  the  value  found 
experimentally.  He  observed  that  these  compounds  belonged  to  the 
benzene  series,  and  then  studied  a  large  number  of  benzene  deriva- 
tives. These  showed,  in  general,  a  much  higher  refractivity  than 
corresponded  to  their  composition.  These  abnormally  high  results 
were  evidently  due  to  the  presence  of  the  benzene  ring. 

Brtthl  began  the  study  of  the  effect  of  constitution  on  refractivity 
in  1878,  and  has  continued  his  work  on  such  problems  up  to  the 
present.  He  found  that  carbon  atoms  united  by  "double  union" 
had  a  greater  influence  on  refractivity  than  singly  united  carbon. 
This  is  shown  by  the  following  results  taken  from  the  paper  of 
Brtlhl.  The  saturated  and  corresponding  unsaturated  compound 
are  given  together. 


• 

MOLBOULAB     RSPKAO- 
TION  ObSEBTKD 

MOLBCULAB    RbFBAO- 
TIOM  CaLOULATBD 

DlFF. 

(  AJlyl  alcohol,  CsHeO  . 
t  Propyl  alcohol,  CsHgO 

28.00 
27.09 

27.80 
25.22 

0.2 
1.87 

r  Propyl  aldehyde,  CsHeO    . 
I  Acrolelne,  C8H4O 

25.42 
25.31 

25.22 
22.64 

0.2 
2.67 

r  Isobutyric  acid,  C4H8O2     . 
t  Methylamylic  acid,C4HeOj 

35.48 
35.07 

35.56 
32.98 

0.08 
2.00 

There  is  a  difference  between  the  calculated  and  observed  molecu- 
lar refraction  of  about  2  for  the  compounds  containing  one  doubly 
united  carbon  atom ;  the  refractivity  being  calculated  from  the  com- 
position. 

Brtthl  also  studied  compounds  containing  two  and  three  doubly 
united  carbon  atoms.' 


1  Lieh.  Ann,  200,  139  (1880). 

2  Ibid.  aOO,  139  (1880). 
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CuMPOUNDs  WITH  Two  DouBLT  United  Cabboj)  Atoms 


«" 

moLi.  EimiCTios 

Mo 

— •«-™ 

m„^ 

Valerylene,  CtH,  .... 

Diallyl,  C(H„ 

38.7 
48.0 

34.6 
42.1 

4.1 
3.» 

Each  double  union  corresponds  in  these  substances  to  about  2 

The  following  compounds  were  supposed  to  contain  three  double 


MauHPCLiB  RiruoTio: 


Benzene,  CgH, 

Moiiocblorbeiizene,  C«H{C1 
Monobiombenzene,  CgHtBt 
Aniline,  C«H,N 


Here  the  three  double  unions  correspond  to  about  6  units  in  the 
molecular  refraction. 

It  thus  seems  that  the  presence  of  a  double  union  between  carbon 
atoms  in  a  compound  has  a  constant  in^uence  on  its  refractive  power, 
and  if  there  is  more  than  one  pair  of  doubly  united  carbon  atoms, 
each  double  union  has  the  same  inHuence  as  if  it  alone  were  present. 

The  effect  on  refractivJty  of  carbon  atoms  united  by  triple  union, 
as  in  acetylene,  was  also  studied.  A  pair  of  carbon  atoms  united  by 
triple  union  raises  the  refractivity  by  1.8  to  1.9  units.  Carbon  united 
by  triple  union  has  thus  a  slightly  smaller  influence  than  when  united 
by  double  union. 

Brllhl  points  out  at  the  close  of  this  important  paper  that  refrac- 
tivity can  be  used  to  throw  light  on  the  constitution  of  compounds 
of  carbon.  If  the  question  is  to  determine  whether  a  given  com- 
pound contains  a  doubly  linked  carbon  atom,  it  is  only  necessary  to 
determine  its  refractive  power.  If  the  refractivity  determined  ex- 
perimentally agrees  with  that  calculated  from  the  composition  of 
the  molecule,  on  the  assumption  that  all  the  carbon  atoms  are  united 
by  single  union,  then  we  can  conclude  that  there  are  no  doubly  linked 
carbon  atoms  in  the  molecule.  If  the  refractivity  found  is  about 
two  units  higher  than  that  calculated  on  the  above  assumption,  then 
there  ia  one  double  union  in  the  molecule ;  if  the  refractivity  found 
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is  about  four  units  higher  than  that  calculated^  then  there  are  two 
double  unions  in  the  molecule ;  and  so  on. 

Constitation  of  Benzene. — This  method  was  applied  by  BrUhl  to 
benzene.  We  have  seen  from  results  already  given  that  the  molecu- 
lar refraction  of  benzene  and  its  derivatives,  as  found  experimentally, 
is  nearly  six  units  higher  than  the  molecular  refraction  calculated  on 
the  assumption  that  the  six  carbon  atoms  are  united  by  single  unions. 
Since  one  double  union  increases  the  molecular  refraction  by  two 
units,  we  must  conclude  that  there  are  three  double  unions  in  the 
benzene  molecule.  We  are  thus  led  by  the  method  of  refractivity  to 
the  formula  of  benzene  proposed  by  Kekul^ :  — 

CH 
HC^XCH       ■ 


HC 


CH 


CH 


This  represents  the  molecule  of  benzene  as  containing  three  singly 
and  three  doubly  united  carbon  atoms,  and  on  the  whole  is  probably 
the  most  generally  accepted  formula  for  benzene  which  we  have 
up  to  the  present.  It  should,  however,  be  stated  here  that  another 
physical  chemical  method  has  led  to  exactly  the  opposite  conclusion ; 
viz.  that  in  benzene  we  have  all  thp  carbon  atoms  united  by  single 
bonds.  It  is  impossible  to  decide  at  present  between  these  two  con- 
clusions, but  the  fact  that  such  different  results  are  obtained  by  dif- 
ferent methods  should  make  us  cautious  in  accepting  as  final  the 
results  obtained  by  any  one  method,  however  reliable  it  apparently 
may  be.  Gladstone^  again  took  up  the  study  of  refraction  after 
Brtlhl  *  had  published  his  earlier  work,  and  sought  to  obtain  further 
evidence  in  reference  to  the  refraction-equivalents  of  carbon,  hydro- 
gen, oxygen,  and  nitrogen  in  organic  compounds.'  A  large  number  of 
organic  compounds  were  investigated,  and  the  refraction-equivalents 
of  a  number  of  the  elements  determined.  The  refraction-equivalent 
of  the  CHj  group  was  found  to  be  7.63.  The  refraction-equivalent  of 
hydrogen  is  very  close  to  1.3.  Therefore,  the  refraction-equivalent 
of  carbon  must  be  very  nearly  5.  In  the  aromatic  hydrocarbons 
the  refraction-equivalent  of  carbon  is  about  6.  A  still  larger  value 
was  found  for  carbon  among  some  of  the  higher  members  of  homolo- 
gous series  of  hydrocarbons.     Gladstone  also  worked  out  the  ref rac- 

1  Joum.^Chem.  Soc.  45,  241  (1884). 

«  Lieb.  Ann.  200,  139  (1880);  203, 1,  255,  363  (1880);  Men,  Akad.  Ber.  11,  84. 

»  JVoc  Boy.  Soc.  1881,  327. 
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tion-equivalentB  of  a  number  of  other  elements.  Chlorine  was  found 
to  be  9.9,  brumine  15.3,  and  iodine  24.5.  Oxygen  had  been  shown 
by  Brllhl  to  have  two  values, —  a.  value  of  3.4  when  in  the  carbonyl 
condition,  and  of  I'.S  when  oxygen  is  united  to  two  other  atoms. 
Gladstone  found  the  value  2.9.  Nitrogen  was  found  to  have  two 
values,  4.1  and  5.1  in  ditfevent  compounds.  The  lower  value  was 
found  in  Che  nitrates,  and  the  higher  iu  the  organic  bases  and  amides. 
The  higher  value,  however,  was  found  in  the  majority  of  cases. 

This  work  of  Gladstone  shows  conclusively  the  effect  of  constitu- 
tion on  refractivity,  and  tlius  confirms  the  conclusions  of  ErUhl, 
In  Gladstone's  own  words ;  "  These  optical  properties  seem  capable 
of  deciding  with  certainty  whether  an  organic  body  is  a  saturated 
compound  or  not.  Thfty  indicate  also  the  number  of  carbon  atoms 
in  that  condition  which  ia  generally  denoted  as  '  doubly  linked,'  aad 
they  give  us  a  clew  as  to  the  mode  in  which  oxygen  and  nitrogen  are 
combined. '' 

In  later  investigations  Brilhl'  pointed  out  even  more  clearly  and 
conclusively  the  effect  of  constitution  on  refractivity.  He  laid  down 
as  the  fundamental  law  of  refraction,  that  the  refractivity  of  carbon 
and  hydrogen  varies  according  to  the  way  in  which  they  are  com- 
bined. For  any  given  combination  it  is  approximaiehj  constant,  de- 
pending only  slightly  upon  the  configuration  of  the  atoms  in  the 
different  compounds.  The  monovalent  elements  have,  on  the  other 
hand,  nearly  constant  atomic  refractions. 

Brtihl  takes  u])  again  the  question  of  the  constitution  of  benzene 
as  determined  by  its  refractive  power.  The  most  accurate  work 
gives  a  molecular  refractivity  of  25.93.  The  molecular  refractivity 
calculated  for  the  formula  CbHo  is  21.12.  The  difference  is  4.81. 
This  corresponds  to  3  x  1.60,  which  means  that  there  are  three 
ethylene  groups  in  the  benzene  molecule,  corresponding  to  the  for- 
mula of  Kekule. 

C. 

He  then  studied  again  the  effect  of  the  acetylene  union  l|[  on  re- 
fractivity. and  found  that  it  corresponded  to  2.02.  If  in  the  formar 
tion  of  benzene  from  three  molecules  of  actylene,  the  three  triple 
unions  were  transformed  into  nine  single  unions,  then  the  molecular 
refraction  of  liquid  benzene  should  be  about  6.00  smaller  than  that 
of  three  molecules  of  acetylene  gas.  The  difference  as  found  was 
only  1.19,  Therefore,  when  acetylene  passes  into  benzene  the  triple 
unions  are  not  converted  into  single  unions. 


'  LUh. 
(1B87). 


t  {18a«)i  S36,  238  (188fl).     Ztschr.  pkija.  Chem.  I,  307 
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Brtthl  found,  on  the  other  hand,  that  when  an  acetylene  union 
passes  into  an  ethylene  union  there  is  a  decrease  in  the  ref ractivity  of 
0.40.  When  three  acetylene  unions  pass  into  three  ethylene  unions, 
the  decrease  in  ref  ractivity  would,  therefore,  be  0.40x3  =  1.20; 
and  this  is  exactly  the  difference  between  the  refractivity  of  three 
molecules  of  ethylene  and  the  molecule  of  benzene  formed  from  them. 
We  are,  therefore,  led  to  the  conclusion  that  when  three  molecules 
of  acetylene  form  a  molecule  of  benzene,  the  acetylene  unions  pass 
over  into  ethylene  unions,  thus :  — 

3HC=CH  =  3-HC  =  CH- 

which  is  the  Kekul^  formula  for  benzene. 

The  above  line  of  reasoning  is  so  clear  and  so  satisfactorily  con- 
firmed by  experimental  evidence  at  every  point,  that  tliere  would 
seem  to  be  no  escape  from  the  conclusion  were  it  not  for  the  conflict- 
ing result,  which,  as  we  shall  see,  is  furnished  by  another  physical 
chemical  method. 

Molecular  Befraction  in  Ctoneral  an  Additive  Property.  —  As  the 
final  result,  up  to  the  present,  which  has  been  reached  by  the  work 
of  Gladstone  and  especially  of  Brllhl,  it  can  be  stated  that  the  molec- 
ular refraction  of  a  compound  is,  in  general,  the  sum  of  the  atomic 
refractions  of  the  atoms  which  enter  into  the  molecule.  This  is 
only  approximately  true,  since,  as  we  have  seen,  constitution  has  a 
marked  influence  in  some  cases  on  refractivity.  The  atomic  refrac- 
tion is  approximately  constant  under  all  conditions  only  for  the 
univalent  elements.  Oxygen  in  the  carbonyl  condition  has  a  greater 
refractive  power  than  in  the  hydroxyl  condition.  The  presence  of 
double  or  triple  bonds  in  the  molecule  increases  its  refractivity,  as 
we  have  seen  in  ethylene,  acetylene,  and  benzene.  That  constitution 
has  a  marked  influence  on  the  refractivity  of  other  elements,  espe- 
cially nitrogen,  has  been  shown  by  the  work  of  Brllhl  ^  and  others,  but 
reference  only  can  be  made  to  these   investigations. 

Atomic  Eef tactions  of  Some  of  the  More  Common  Elements.  —  The 
atomic  refractions  of  some  of  the  best  known  elements  are  given  in 
the  following  table.  Column  I  is  taken  from  the  work  of  Brilhl,^ 
and  is  the  refractivity  referred  to  the  red  hydrogen  line.  Column  II 
contains  the  results  given  by  Conrady,^  and  are  referred  to  the 
sodium  line  D. 

1  Ztschr.  phys.  Chem.  16,  193,  226,  497,  612  (1895);  22,  373  (1897);  25,  677 
(1898).     Gazz.  chim.  ital.  24,  I  (1894)  ;  26,  II  (1895). 
a  Ztschr.  phys,  Chem.  7,  191  (1891). 
»/6id.  8,210  (1889). 
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COH'BS  I 

^:z'il[  D 

Carbon  united  by  single  bond 

Hydrogen 

Hydroxyl  oxygen 

Oxygen  united  as  in  etlier     .... 

Carbonjl  oxygen 

Nitrogen  united  to  carbon  witli  one  bond 

Chlorine 

Bromine 

Iodine 

Ethylene  nnion    (  =  ) 

Acetylene  union  (s) 

2.366 
1.103 
L606 
1.055 
2..?28 
2.760 
6,014 
8.863 
13.80S 
1.836 
2.220 

2.601 
1.061 
1.621 

1.683 
2,287 

6.908 
8.027 
U.120 
1.707 

The  atomic  refractions  of  the  elements  of  the  first  and  second 
groups  of  the  Periodic  System  have  been  determined  by  Kananni- 
kofE.' 

ROTATION  OF  THE  PLANE  OP  POLARIZED  LIGHT 

Optioally  Active  Snbst&Doei.  —  It  was  known  nearly  a  hundred 
years  ago  tliat  when  a  Ijeam  of  polarized  light  is  passed  through 
certain  liquids,  the  plane  of  polarization  Is  rotated  or  turned.  Thia 
phenomenon  was  manifested  by  many  substances  in  the  crystalline 
condition,  also  by  a  number  of  cai'bon  compounds  in  the  liquid  state 
and  in  solution.  We  are  concerned  here  only  with  those  optically 
active  substances  which  are  liquid  at  ordinary  temperatures,  or  which 
are  in  solution.  Some  of  the  substances  rotate  the  plane  of  polarizsr 
tion  to  the  right  and  are  called  dextro-rotatory ;  others  rotate  to  the 
left,  and  are  termed  laevo-rotatory.  Dextro-rotation  is  indicated  by 
the  plus  sign  (  +  ),  lEevo-rotation  by  the  minus  sign  (— ). 

The  number  of  substances  whose  rotatory  power  can  be  compared 
has  increased  enormously  in  the  last  few  years.  Biot  and  Seebeck 
pointed  out  in  1815  that  certain  organic  substances  have  the  power 
to  rotate  the  plane  of  polarization.  Oil  of  turpentine,  and  sugar  and 
tartaric  acid  in  aqueous  solution,  have  this  property,  as  was  shown  at 
this  eai'ly  date.  From  this  time  to  1879  the  number  of  optically 
active  substances  increased  to  300,  while  to-day  we  know  over  700 
substances'  which  have  the  power  to  rotate  the  plane  of  polarized 
light.     The  reason  for  the  enormous  activity  in  the  preparation  and 

i^oura.  pyakt.  Chtm.  [2].  SI.  321  (1886). 

*  For  further  details  conault  the  admirable  book  of  Landolt :  Dot  opitteht 
Drthvnf/nermligen  organinrhtr  Stibstanxen,  2d  edition,  1608. 
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study  of  these  optically  active  substances  will  become  apparent  in 
the  next  few  pages. 

Measurement  of  Rotation.  —  The  instrument  used  in  measuring 
the  rotation  of  polarized  light  is  known  as  the  polarimeter.  A  beam 
of  white  light,  or  better,  of  monochromatic  light,  is  passed  through 
a  NicoPs  prism  and  polarized.  This  is  then  passed  through  a  second 
NicoPs  prism,  which  is  turned  imtil  the  light  is  completely  extin- 
guished. The  position  of  the  second  prism  or  analyzer  is  then  care- 
fully noted.  A  glass  tube  containing  the  liquid  to  be  investigated 
is  then  inserted  in  the  path  of  the  polarized  ray  of  light,  between 
the  two  Nicols.  The  plane  of  polarization  is  rotated  and,  conse- 
quently, the  field  of  the  second  Nicol  is  no  longer  dark.  It  is  now 
necessary  to  rotate  the  second  Nicol,  or  analyzer,  through  a  given 
angle  to  obtain  again  extinction  of  the  light.  The  angle  through 
which  the  analyzer  must  be  rotated  is  read  on  the  circular  scale,  and 
this  is  the  angle  through  which  the  plane  of  polarization  has  been 
turned  by  the  layer  of  the  liquid  used. 

The  rotatory  power  of  a  liquid  depends  chiefly  upon  the  chemical 
nature  of  the  substance,  as  we  shall  see.  It  evidently  depends  also 
upon  the  thickness  of  the  column  of  liquid  through  which  the  polar- 
ized ray  passes.  It  depends  further  upon  the  wave-length  of  light 
and  upon  the  temperature.  In  measuring  the  rotatory  power  of  a 
liquid  all  of  these  factors  must  be  taken  into  account.  The  normal 
temperature  chosen  for  such  work  is  usually  20®.  It  is  most  con- 
venient to  use  as  monochromatic  light  that  of  the  sodium  flame. 

Specific  and  Holeeular  Eotation.  —  Biot  defined  the  specific  rota- 
tion of  an  optically  active  liquid  as  that  produced  by  a  layer  a 
decimetre  in  length,  or  if  a  solution  it  must  contain  one  gram 
of  the  active  substance  in  the  volume  of  one  cubic  centimetre. 
But  the  density  of  the  liquid  must  be  taken  into  account.  If  we 
represent  the  specific  gravity  of  the  liquid  by  d,  the  length  of  the 
column  of  liquid  expressed  in  decimetres  by  I,  the  rotation  to  the 
right  or  left  expressed  in  degrees  by  a ;  the  specific  rotation  A  for 
a  definite  temperature  (20°)  and  a  definite  wave-length  of  light 
(D  light)  is  expressed  thus :  — 

This  specific  rotation  is  a  characteristic  constant  for  the  compound 
in  question. 

In  order  to  discover  relations  we  must  deal  with  comparable 
quantities  of  substances ;  and  preferably  with  quantities  which  bear 
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the  same  relations  to  one  another  as  the  molecular  weights  of  the 
Biibstances  in  question.  If  we  deal  with  gram-molecular  weights  of 
substances,  the  observed  rotation  is  known  as  the  molecular  i-otation. 
The  molecular  rotation  M  is  obtained  by  multiplying  the  specific 
rotation  of  the  substance  by  the  molecular  weight  vi.  Since  the 
molecular  rotation  thus  obtained  is  very  high,  it  has  been  found  con- 
venient to  divide  this  value  by  100.  The  molecular  rotation  would 
then  be  calculated  from  the  specific  rotation  as  follows  :  — 

3/  =  ^  -■ 


If  we  are  dealing  with  a  solution  containing  p  grams  of  substance  in 
a  volume  of  v  cubic  centimetres  of  solution,  and  I  is  the  length  of 
the  column  in  decimetres,  the  specific  rotation  is  expressed  thus :  — 


the  molecular  rotation  thus :  ■ 


M  = 


UX)    I}, 
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Optical  Activity  and  Chemical  Constitntion.  —  The  earlier  work 
in  this  field  had  to  do  with  the  discovery  of  compounds  which  are 
optically  active.  The  discovery  of  any  relation  between  optical  ac- 
tivity and  chemical  composition  and  constitution  belongs  to  a  later 
period.  Pasteur '  threw  much  light  on  this  problem  by  his  discov- 
ery that  ordinary  racemic  acid  can  be  broken  down  into  two  modifi- 
cations, the  one  turning  the  plane  of  polarization  to  the  right,  the 
other  to  the  left.  If  a  solution  of  sodium  ammonium  race-mate  is 
evaporated  at  low  temperatures,  rhombic,  hemihedi-al  crystals  sepa- 
rate, having  the  com|«)8ition  Na.NH,.C,H,0, -j- 4  H^O.  The  crys- 
tals are,  however,  not  all  identical.  The  tetrahedral  faces  on  some 
of  the  crystals  are  different  from  those  on  other  crystals.  Indeed, 
the  crystals  divided  themselves  sharply  into  two  classes,  the  one 
containing  dextro-hemihedral  faces,  the  other  Itevo-hemihedral  faces. 
We  have  here  enantiamorphism,  as  in  the  case  of  quartz,  the  one 
crystal  being  the  image  of  the  other  in  a  mirror. 

The  two  kinds  of  crystals  were  separated  mechanically,  and  dis- 
solved in  water.  The  solution  containing  the  crystals  with  the 
right-handed  faces  rotated  the  plane  of  polarized  light  to  the  right; 
those  with  the  left-handed  faces  rotated  the  plane  of  polarizatioa  t;i 

-4n™.  CAi'ni.  PUya.  [3],  M,  44a  (1848)  ;  SB.  6C  (ISM)  ;  31,  07  (1851),    , 
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the  left.  In  Pasteur's  own  words :  *  "  When  I  had  discovered  the 
hemihedrism  of  all  the  tartrates,  I  quickly  studied  with  care  the 
double  paratartrate  (racemate)  of  sodium  and  ammonium.  But  I 
saw  that  the  little  tetrahedral  faces,  corresponding  to  those  of  the 
isomorphous  tartrates,  were  placed  relative  to  the  principal  faces  of 
the  crystal,  sometimes  on  the  right,  at  other  times  on  the  left,  on 
the  different  crystals  which  I  have  obtained.  If  these  faces  were 
respectively  prolonged,  they  would  give  the  two  symmetrical  tetra- 
hedra  of  which  we  have  spoken.  I  carefully  separated  the  right- 
handed  from  the  left-handed  hemihedral  crystals.  I  observed 
separately  their  solutions  in  the  polarizing  apparatus  of  Biot,  and 
saw  with  surprise  and  delight  that  the  right-handed  hemihedral 
crystals  rotated  the  plane  of  polarization  to  the  right,  and  that  the 
left-handed  crystals  rotated  to  the  left.  .  .  .  The  rotatory  power 
thus  shows  the  kind  of  asymmetry  of  the  crystals.  The  two  kinds 
of  crystals  are  isomorphous,  and  isomorphous  with  the  correspond- 
ing tartrate,  but  the  isomorphism  presents  itself  here  with  a  pecul- 
iarity thus  far  not  exemplified;  this  is  the  isomorphism  of  two 
asymmetric  crystals,  the  one  being  the  image  of  the  other  in  a 
mirror." 

In  a  later  investigation,  Pasteur  ^  decomposed  the  two  salts  ob- 
tained from  racemic  acid,  and  secured  the  two  corresponding  acids, 
which  he  termed  dextro-racemic  and  laevo-racemic  acids.  The  dex- 
tro-racemic  acid  was  shown  to  be  identical  with  ordinary  dextro-tar- 
taric  acid,  rotating  the  plane  of  polarization  to  the  right.  The 
laevo-racemic  acid  rotated  the  plane  of  polarization  just  as  much  to 
the  left,  as  the  dextro  to  the  right.  From  racemic  acid  Pasteur  was 
thus  able  to  obtain  two  acids,  the  one  rotating  the  plane  of  polariza- 
tion to  the  right,  the  other  to  the  left;  the  racemic  acid  itself  being 
optically  neutral.  He  was,  however,  not  content  to  stop  here.  If 
racemic  acid  had  been  broken  down  into  two  optically  active  constit- 
uents, then,  when  these  constituents  were  brought  together  in  the 
proper  proportion,  racemic  acid  should  be  reformed.  Pasteur  mixed 
concentrated  solutions  of  dextro-racemic  and  Isevo-racemic  acids. 
Heat  was  evolved,  and  crystals  of  racemic  acid  separated  in  abund- 
ance. Instead  of  dextro-racemic,  ordinary  dextro-tartaric,  acid  could 
be  used,  since  the  two  are  identical. 

In  this  way  an  optically  inactive  substance  was,  for  the  first 
time,  broken  down  into  two  optically  active  substances,  which  ro- 
tated the  plane  of  polarized  light  to  the  same  extent,  but  in  the  oppo- 

1  Ann.  Chim.  Phys.  [2],  24,  456.  »  Ibid.  [3],  28,  66  (1850). 
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Bite  direction.  Further,  the  optically  inactive  subBtance  was  formed 
again  by  mixing  solutions  of  the  two  optically  active  substances. 
From  these  results  Pasteur  reasoned  as  follows  : '  "Are  the  atoms  of 
the  dextro  acid  grouped  in  the  form  of  a  right-handed  spiral,  or  do 
they  stand  at  the  coroera  of  an  irregular  tetrahedron,  or  do  they 
exist  in  some  other  asymmetric  arrangement  ?  We  are  not  able  to 
answer  these  questions.  But  there  is  no  doubt  on  tliis  point,  that 
an  asymmetric  grouping  of  the  atoms,  corresponding  to  an  object 
and  its  image  in  a  mirror,  must  be  present  It  is  just  as  certain 
that  the  atoms  of  the  Itevo  acid  have  exactly  the  opposite  arrange- 
ment. We  know,  finally,  that  cacemic  acid  is  formed  by  the  unioa 
of  these  two  oppositely  asymmetric  atomic  groupings."' 

The  most  important  advance  of  a  general  character,  which  was 
introduced  by  this  work  of  Pasteur,  was  the  clear  recognition  of 
molecular  asymmetry  in  the  structure  of  chemical  molecules.  He 
was  not  able  to  point  out  the  nature  of  this  asymmetry,  since  the 
facts  known  at  that  time  in  reference  to  the  constitution  of  optically 
active  substances  were  far  too  meagre  to  lead  to  any  wide-reaching 
generalization. 

Theory  of  Van't  Hoff  and  Le  Bel.  —  In  the  period  following  that 
in  which  the  work  of  Pasteur  was  done,  much  light  was  thrown  on 
the  constitution  of  chemical  compounds,  and  especially  upon  the 
constitution  of  organic  compounds.  With  this  newly  acquired  knowl- 
edge Van't  Hoff  in  Holland  and  Le  Bel  in  France  were  able  to  con- 
nect optical  activity  with  chemical  constitution.  Van't  Hoff's  paper 
in  Dutch  bears  the  date  Sept.  5,  1874.  Le  Bel's  paper'  in  French 
appeared  in  November,  1874.  Since  Le  Bel  did  not  go  as  far  as 
Van't  Hoff  in  advancing  a  definite  theory,  his  contribution  to  this 
important  subject  will  be  taken  up  first.' 

Le  Bel  fully  recognized,  from  the  work  of  Pasteur,  the  importance 
of  asymmetry  in  conditioning  rotatory  power.  "If  the  asymmetry 
exists  only  in  the  crystalline  molecule,  only  the  crystal  will  be  active ; 
if,  on  the  contrary,  it  belongs  to  the  chemical  molecale,  the  solution 
of  the  substance  will  show  rotatory  power."  Since  the  latter  is  the 
case,  we  must  regard  the  chemical  molecule  as  asymmetric.  This 
was  the  starting-point  for  Le  Bel.  In  compounds  containing  carbon 
the  cause  of  the  asymmetry  is  to  be  ascribed  to  the  presence  of  a 
carbon  atom  combined  with  four  different  atoms  or  groups.    Le  BeL 

'  Sfcherches  ntr  la  diitymitrif  vtnUcuIairf,  p.  25. 
*  Bull  Soe.  Ckim.  [2],  22,  ,137  (1874). 

'  "  Sur  lea  relfttioiia  qui  eiisMnt  emxe  lea  fomiiilea  ntomiquea  des  corps  orga- 
niquea  et  le  pouvolr  ruUtoire  de  leara  dlHBulutiom."     Ibid. 
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illustrates  this  principle  by  means  of  optically  active  substances  known 
at  that  time,  and  shows  by  a  number  of  examples  that  optically 
active  compounds  contain  an  asymmetric  carbon  atom,  i,e,  a  carbon 
atom  in  combination  with  four  different  atoms  or  groups.  The  sim- 
plest example  is  lactic  acid,  which  contains  an  asymmetric  carbon 
atom  in  combination  with  hydrogen,  hydroxy  1,  methyl,  and  carboxyl, 

thus:  — 

H 

I 
CHs— C  — COOH 

I 
OH 

Le  Bel  pointed  out  at  the  very  close  of  his  important  paper,  that  we 
never  obtain  by  direct  synthesis  the  dextro  or  the  laevo  acid,  but 
always  the  inactive  or  racemic  modification,  which  is  a  combination 
of  equal  parts  of  the  two  active  forms. 

VanH  Hoff  ^  also  pointed  out  that  in  every  optically  active  sub- 
stance there  is  at  least  one  carbon  atom  in  combination  with  four 
different  atoms  or  groups — one  asymmetric  carbon  atom.  This 
holds  good  up  to  the  present,  with  the  possible  exception  of  one 
compound,  which,  according  to  Baeyer,  is  optically  active  and  does 
not  contain  an  asymmetric  carbon  atom.  The  compound  in  question 
is  so  complex  that  its  constitution  cannot  be  regarded  as  finally 
established,  and  it  may  yet  be  shown  not  to  be  an  exception  to  the 
above  generalization. 

Van't  Hoff,  however,  went  much  farther  than  simply  to  recognize 
asymmetry  as  the  cause  of  optical  activity.  He  attempted  to  point 
out  the  geometrical  configuration  which  is  probably  fundamental  to 
carbon  compounds.  Take  the  simplest  saturated  compound  of  car- 
bon and  hydrogen,  CH4.  This  substance  had  been  shown  by  the 
work  of  Henry  to  be  symmetrical ;  i.e.  every  hydrogen  atom  bears  ex- 
actly the  same  relation  to  the  molecule.  By  what  geometrical  config- 
uration in  three  dimensions  could  this  fact  be  represented  ?  Plainly 
only  by  one, — the  regular  tetrahedron.  The  carbon  atom  is  situated 
at  the  centre  of  such  a  tetrahedron,  and  the  four  hydrogen  atoms  at 
the  four  solid  angles.  Such  an  arrangement  is  symmetrical,  and 
accords  with  all  of  the  facts  known  in  connection  with  the  compound 
CH4.'   In  this  way  arose  the  theory  of  ^^the  tetraJiedral  carbon  atom.'' 

In  every  optically  active  substance,  as  we  have  seen,  there  is  a 
carbon  atom  in  combination  with  four  different  atoms  or  groups. 

^  La  Chimie  dans  VEspace.    Rotterdam,  1876. 
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The  carbon  atom  is  situated  a.t  tlie  centre  of  the  tetrahedroo,  and 
the  four  atoms  or  groups  in  combination  with  it  are  at  the  four  solid 
augles  of  the  tetrahedron.  This  arrangement  is,  of  course,  asym- 
metric, and  thu3  we  have  the  theory  of  "  the  asymmetric  tetra/iedral 
carbon  atom." 

These  simple  suggestions  lie  at  the  foundatioa  of  all  atereochem- 
istry,  which  is  one  of  the  most  interesting  and  important  phases  of 
organic  chemistry  during  the  last  quarter  of  a  century.  We  can  see 
at  once,  by  means  of  the  tetrahedron,  why  it  is  necessary  that  all 
the  tour  atoms  or  groups  in  combination  with  the  central  carbon 
atom  should  be  different.  If  any  two  atoms  or  groups  are  the  same, 
it  is  impossible  to  construct  two  tetrahedra  which  cannot  be  super- 
imposed. This  can  readily  be  seen  by  means  of  models.  If,  on  the 
other  hand,  all  fonr  atoms  or  groups  are  different,  then  two  tetrahedra 
containing  these  atoms  or  groups  arranged  around  a  central  carbon 
atom,  will  always  bear  the  relation  to  one  another  of  an  object  and 
its  image  in  a  mirror.  The  two  tetraliedra  would  represent  enanti- 
omorphous  forms,  and  if  one  would  rotate  the  plane  of  polarization 
to  the  right,  the  other  would  rotate  it  to  the  left.  The  theory  thus 
explains  why  it  is  necessary  to  have  all  four  of  the  atoms  or  groups 
around  the  central  carbou  atom  different,  in  order  to  have  optical 
activity. 

The  theory  also  explains  the  very  important  fact  pointed  out  by 
Le  Bel,  that  by  synthesis  we  never  obtain  the  dextro  or  the  lievo 
form  alone,  but  always  a  mixture  of  both  forms.  Since  optical  activ- 
ity depends  only  on  the  arrangement  of  the  constituents  in  the  mole- 
cule, from  the  law  of  probability  we  would  have  just  as  many 
molecules  formed  having  the  one  configuration  as  the  other.  For 
every  dextro-rotatory  substance  there  woiild  thus  be  an  equal  quan- 
tity of  the  corresponding  Itevo  compound  formed.  Here,  again,  the 
theory  furnishes  a  satisfactory  explanation  of  facts  which,  without 
its  aid,  are  entirely  inexplicable. 

The  presence  of  an  asymmetric  carbon  atom  is  necessary,  as  we 
have  seen,  for  optical  activity.  The  converse  does  not  hold  true. 
We  may  have  asymmetric  carbon  atoms  present,  and  yet  the  com- 
pound be  optically  inactive.  This  fact  is  also  satisfactorily  explained 
by  our  theory.  The  compound  may  have  more  than  one  asymmetric 
cai'bon  atom,  as  in  inactive  tartaric  acid,'  and  the  asymmetric  carbon 
atoms  may  equalize  each  other's  influence. 

1  Inactive  tartaric  acid  is  a  fourtb  modi  Petition  of  tartaric  acid,  and  is  to  be 
distingiiisbed  from  dextro-tartaric  acid  on  Ibe  one  baud,  and  from  Ikvo  on  the 
oUier,  and  from  ntcemlc  acid,  a  mixture  oF  these  two. 
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COOH .  H .  OH .  C  -  C .  OH .  H .  COOH. 

This  compound  is  optically  inactive  and  cannot  be  broken  down 
into  optically  active  substances.  The  influence  of  the  one  carbon 
atom  on  polarized  light  is  exactly  equal  and  opposite  to  the  influence 
exerted  by  the  other,  hence  inactivity.  Again,  the  compound  may 
be  optically  inactive  because  it  is  composed  of  an  equimolecular 
mixture  or  a  dextro  and  a  laevo  substance.  This,  as  we  have  seen,  is 
the  case  with  raceraic  acid ;  it  is  a  mixture  of  equal  parts  of  dextro 
and  of  IsBvo  tartaric  acid.  Indeed,  we  never  obtain  one  active  sub- 
stance directly  by  synthesis.  The  two  optically  opposite  varieties  are 
always  formed  together,  and  the  mixture  of  these  two,  or  the  racemic 
modification,  is  the  result.  We  have  already  seen  in  one  case  how  it 
is  possible  to  obtain  optically  active  varieties  from  a  racemic  mixture ; 
we  will  now  examine  more  closely  the  methods  available  for  separat- 
ing racemic  modifications  into  their  optically  active  constituents. 

Separation  of  Optically  Active  Isomeres  from  Eaoemie  Hodifiea- 
tions.  —  The  synthesis  of  racemic  modifications,  or  mixtures  of  equal 
quantities  of  dextro  and  laevo  forms,  is  comparatively  simple  in 
many  cases,  and  a  large  number  of  such  syntheses  have  been  effected. 
It  then  remains  to  separate  the  optically  active  isomeres  from  this 
mixture.     Several  methods  have  been  used  :  — 

I.  We  have  seen  how  Pasteur  made  use  of  one  method,  viz.  that 
based  on  the  different  crystalline  forms  of  salts  of  the  two  active 
substances.  He  was  able  to  separate  the  crystals  mechanically,  and 
from  racemic  acid  to  obtain  dextro  and  laevo  tartaric  acid. 

II.  A  second  method  consists  in  adding  to  the  mixture  of  the 
isomeric  components  an  optically  active  substance  which  will  com- 
bine with  them.  The  two  compounds  formed  may  differ  sufficiently 
in  properties  to  enable  them  to  be  separated.  They  may  differ  in 
solubility,  crystal  form,  vapor  tension,  melting-point,  etc.  By  utiliz- 
ing some  such  differences  a  number  of  racemic  forms  have  been 
separated  into  their  constituents.  J"he  active  alkaloids  have  proved 
very  useful  in  this  connection.  Pasteur  succeeded  in  separating 
racemic  acid  into  dextro  and  laevo  tartaric  acids,  by  means  of  certain 
active  alkaloids.  The  separation  was  effected  through  the  difference 
in  crystal  form  of  the  two  compounds  with  the  alkaloid.  The  free 
tartaric  acids  were  easily  obtained  from  the  compounds  with  the 
alkaloids. 

III.  A  third  method  of  separating  the  constituents  from  a  racemic 
modification  consists  in  treating  the  mixture  with  certain  organic 
forms.    These  will  often  destroy  one  of  the  active  modifications  in 
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the  mixture  and  leave  the  other.  Thus,  penicilHum,  allowed  to  act 
on  a  dilute  solution  of  ammonium  raceinate,  will  destroy  the  dextro- 
rotatory compound  and  leave  the  Isvo-rotatory.  In  this  way,  of 
course,  only  one  of  the  active  modifications  can  be  obtained,  the 
other  having  been  destroyed  by  the  organism.  ■'-.','      -i        .   ^  (V  j 

By  means  of  these  methods  of  separating  racemic  mixtures  into 
optically  active  constituents,  and  of  chemical  synthesis,  we  can  pre- 
pare optically  active  substances  in  the  laboratory,  and  a  large  number 
of  such  compounds  have  already  been  prepared.  The  claim  of 
Pasteur  that  optically  active  substances  can  be  made  only  through 
the  agency  of  the  life  process,  does  not  seem  to  be  borne  out  by  the 
facts.  In  his  later  claim,*  in  reply  to  a  criticism  of  his  view  by 
Schiltzenberger,  he  says;  "  To  transforiit  an  inai^i've  substance  into 
another  inactive  substance  which  can  be  resolved  simultaneously  into 
a  destro  substance  and  its  corresponding  laevo  compound,  is  not  at  all 
comparable  with  the  possibility  of  transforming  an  inactive  substance 
into  a  si'nyrfe  active  substance.''  Here  again  the  view  of  Pasteur  does 
not  find  general  support.  That  active  substances  can  be  made  in 
the  laboratory,  without  the  intervention  of  life,  is  just  as  certain  as 
that  organic  compounds  can  be  synthesized  from  dead  matter  without 
the  intervention  of  the  life  process. 

The  theory  of  Van't  Hoff  and  Le  Bel  has  proved  most  fruitful 
in  throwing  light  on  many  cases  of  isomerism,  which,  without  its 
aid,  are  entirely  inexplicable.  It  has  also  suggested  many  new  lines 
of  work,  and  ha.s  probably  contributed  more  to  the  advance ment  of 
organic  chemistry  in  recent  times,  than  any  other  line  of  thought.  We 
needonly  refer  to  the  work  of  such  men  as  WislicenuSj'Hantzsch  and 
Werner,  V,  Meyer  and  Auwers,  and  Erail  Fischer,  to  show  what  a  tre- 
mendous influence  this  theory  of  the  tetrahedral  carbon  atom  has  had. 

The  Hypothesis  of  Guye.  —  The  theory  of  the  asymmetric  carbon 
atom  as  the  cause  of  optica!  activity  has  been  tested  quantitatively 
by  Guye.'  He  attempted  to  discover  relations  between  tlie  nature 
and  magnitude  of  the  rotation,  and  the  nature  of  the  atoms  or  groups 
which  are  combined  with  the  carbon  atom  and  occupy  the  cornera 
of  the  tetrahedron. 

If  we  assume  that  the  four  valences  of  carbon  are  directed  toward 
the  four  solid  angles  of  a  regular  tetrahedron,  the  six  planes  of  sym- 
metry of  the  compound  CR,  represent  what  Guye  termed  ihs  planes 
of  symmHiy  of  carbon.    When  the  carbon  is  symmetrical,  the  centre 

n  orgaai»rhen  Xolekulen, 
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of  gravity  of  the  molecule  will  lie  in  at  least  one  of  the  six  planes  of 
symmetry.  When  the  carbon  is  asymmetrical,  the  centre  of  gravity 
will  not  lie  in  any  of  these  planes.  If  we  represent  the  distances 
from  the  centre  of  gravity  of  the  molecule  to  each  of  the  planes  of 
symmetry  hj  di,  d^  d^,  d^  d^,  de>  respectively,  the  product  of  these 
six  values  is  known  as  the  product  of  asymmetry.  This  product  is 
aero  when  the  carbon  is  symmetrical,  but  has  different  values  as  the 
asymmetry  differs.  If  these  differences  are  regarded  as  positive  or 
negative,  depending  on  the  side  of  each  plane  on  which  they  occur, 
the  product  of  asymmetry  will  be  positive  or  negative,  as  the  number 
of  negative  factors  is  even  or  odd. 

The  hypothesis  advanced  by  Guye  is,  in  his  own  words :  **  The 
product  of  asymmetry  can  then  serve  as  a  measure  of  the  asymmetry 
of  the  carbon,  and  it  is  but  natural  to  suppose  that  the  rotatory 
power  undergoes  the  same  variation  as  this  product." 

Guye  then  deduces  certain  consequences  of  this  hypothesis 
which  can  be  tested  experimentally  :  — 

I.  Whenever  an  element  or  group  is  substituted  by  another,  and 
the  centre  of  gravity  of  the  molecule  remains  on  the  same  sides  of 
the  planes  of  symmetry  of  the  carbon,  the  rotatory  power  should  pre- 
serve the  same  sign. 

II.  If  by  the  substitution  the  centre  of  gravity  of  tlje  molecule  is 
removed  farther  from  the  planes  of  symmetry,  the  rotatory  power 
should  be  increased.  If,  on  the  contrary,  the  centre  of  gravity  ap- 
proaches more  nearly  the  planes  of  symmetry,  the  rotatory  power 
should  decrease. 

III.  If  by  the  substitution  the  centre  of  gravity  is  replaced  from 
one  side  of  one  of  the  planes  of  symmetry  to  the  other,  the  rotatory 
power  should  undergo  a  change  in  sign. 

The  remainder  of  Guye's  first  paper  is  devoted  to  the  discussion 
of  experiments  which  verified  these  three  principles.  By  varying 
the  masses  of  the  atoms  or  groups  in  combination  with  carbon,  he 
oould  vary  the  position  of  the  centre  of  gravity  of  the  molecule.  By 
increasing  the  mass  of  the  group  which  replaces  the  hydrogen  of  the 
carboxyl  in  some  organic  acid,  the  centre  of  gravity  could  be  re- 
moved farther  from  the  principal  planes  of  symmetry.  The  rotatory 
power  should  be  increased  by  this  means.  The  following  results  were 
obtained  with  tartaric  acid :  — 

BOTATION 

Methyl  tartrate +2.14 

Ethyl  tartrate +  7.66 

Propyl  tartrate 4- 12.44 

Isobutyl  tartrate + 19.87 
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If  in  dextro-tartarie  acid  each  ot  the  two  hydrosyl  hydrogen 
atoms  is  replaced  by  benzoyl,  we  have  a  group  of  maas  17  substituted 
by  a  grou|»  of  mass  121.  The  centre  of  gravity  will  pass  from  one 
side  to  the  other  of  a  plane  of  symmetry.  Consequently,  dibenzoyl- 
tartaric  acid  ahould  be  laevo-rotatory.     Its  rotation  is  —  117.68. 

If  we  now  replace  the  hydrogen  of  dibenzoyl  tartaric  acid  by  the 
groups  methyl,  ethyl,  propyl,  butyl,  the  centre  of  gravity  of  the  mole- 
cule will  lie  on  the  same  side  of  the  plane  of  symmetry  as  in  the  a^id 
itself.  But  it  will  approach  the  plane  of  symmetry  as  the  substitut- 
ing group  becomes  heavier  and  heavier,  and,  consequently,  the 
amount  of  the  Ixvo  rotation  should  become  less  and  less  as  the  group 
which  replaces  the  hydrogen  becomes  of  greater  mass.  The  facts 
accord  with  the  hypothesis. 


Methyldibenioj'l  tar 
Etbyl dibenzoyl  tarti 
iHobutyldi benzoyl  ti 


Since  this  hypothesis  was  proposed,  Guye  has  carried  out  many 
and  elaborate  investigations'  to  test  its  validity.  The  result  of  all 
this  work  is  to  show  that  the  hypothesis  accords  with  the  facts  in 
many  directions.  But  it  is  only  a  partial  expression  of  the  truth. 
It  alone  is  not  sufficient  to  account  for  optical  activity.  In  addition 
to  the  effect  of  mass  on  optical  activity,  we  must  take  into  account 
the  relative  position  of  the  four  groups,  their  mutual  action  on  one 
another,  their  configuration,  and  the  chemical  nature  of  the  atoms 
themselves  which  are  combined  with  the  carbon  atom.  The  phe- 
nomenon of  optical  activity  is,  then,  far  more  complicated  than  would 
appear  from  the  hypothesis  of  Guye  alone.  This  hypothesis  is  un- 
doubtedly a  step  in  the  right  direction  toward  the  solution  of  the 
problem  of  optical  activity  in  terms  of  molecular  composition  and 
molecular  structure,  but  it  is  only  a  step,  and  by  no  means  the  last  one. 


* 


MAGNETIC   ROTATION    OF    THE    PLANE  OF    POLARIZATION 

ObBervation  of  Faraday,  —  The  observation  was  made  by  Faraday' 
that  many  substances  acquire  the  power  of  rotating  the  plane  of 
polarization  when  placed  in  a  magnetic  field.  He  first  worked  with 
glass,  but  soon  discovered  that  other  substances  possess  the  same 

^Compt.rend.  Ul,746;  n»,  473  ;  U6.  1133,  1378,  U51,  U54;  118,000; 
IBO,  167,  4."^.  632,  127-1  (ISm-ISOA).  And.  Chim.  Fhya.  [0],  9S,  146  (1803J. 
Guye  and  Chavanne :  Compt.  rtnd.  116,  1464  ;  lie.  90S. 

«  Phil.  Traw.  198,  1  (1848).     Pogg.  Ann.  68,  105  (1846). 


C1892J.  I 

J 


LIQUIDS  131 

power  of  becoming  axjtive  under  the  influence  of  magnetic  force.  If 
the  substance  has  a  rotatory  power  of  its  own,  as  oil  of  turpentine, 
sugar,  tartaric  acid,  etc.,  the  effect  of  the  magnetic  force  is  to  add  to 
or  subtract  from  their  specific  power,  according  as  the  natural  and 
acquired  rotatory  powers  have  the  same  or  different  signs.  Faraday 
found  that  substances  having  very  different  chemical,  physical,  and 
mechanical  properties  become  optically  active  under  the  magnetic 
influence.  His  work  included  solids  and  liquids,  acids,  alkalies,  and 
neutral  substances.  He  worked  with  solutions  in  alcohol  and  in  wa- 
ter, and  of  the  latter  class  he  studied  some  150  examples.  He  found 
that  the  "  exceeding  diversity  of  substance  caused  no  exception  to  the 
general  result,  for  all  the  bodies  showed  the  property." 

Investigation  of  De  La  Eive.  —  An  investigation  of  the  magnetic 
rotatory  power  of  substances  was  published  by  De  La  Rive  ^  in  1871. 
He  determined  the  magnetic  rotatory  power  of  substances,  in  terms 
of  water  as  unity,  and  found  that  the  magnetic  rotatory  power  does 
not  have  any  relation  to  other  physical  properties.  Rise  in  tem- 
perature diminished  the  rotatory  power  of  liquids.  The  rotatory 
power  of  a  mixture  of  two  liquids  is  the  mean  of  the  rotatory  powers 
of  the  constituents,  when  the  two  liquids  do  not  act  chemically. 

Work  of  Beeqnerel. — An  elaborate  investigation  on  magnetic 
rotatory  power  was  carried  out  in  1877,  by  Becquerel.'  He  studied 
also  the  refractive  power  of  substances,  and  discovered  certain  rela- 
tions between  the  two  properties.  For  the  substances  of  a  given 
chemical  family  the  magnetic  rotation  divided  by  the  term  v?  (w*— 1), 
n  being  the  index  of  refraction,  is  very  nearly  a  constant.  Becquerel 
studied  the  effect  of  the  chemical  nature  of  the  substance  on  mag- 
netic rotatory  power,  and  concluded  that  the  chemical  ^  nature  of 
substances  affects  directly  their  magnetic  rotatory  power,  and  the 
different  elements  combined  in  a  compound  exert  their  own  inde- 
pendent influence. 

Investigations  of  Ferkin.  —  The  most  elaborate  investigations,  by 
far,  in  the  field  of  magnetic  rotation,  are  those  of  Perkin.  His 
work  was  begun'  more  than  fifteen  years  ago,  and  has  been  con- 
tinued nearly  up  to  the  present.*  Perkin  has  investigated  especially 
the  relations  between  chemical  composition  and  constitution,  and 
magnetic  rotation.  He  took  the  molecular  rotatory  power  of  water 
as  unity,  and  compared  the  rotatory  power  of  other  substances  with 

1  Ann,  Chim.  Phys.  [4],  22,  6  (1871).  » Ibid,  [5],  12,  6  (1877). 

»  Journ.  prakt.  Chem.  [2],  31,  481  (1885)  ;  [2],  82,  623  (1886). 
^Journ.  Chem,   Soc.  49,  777;   61,  808;    63,  661,  606;   69,  981;   61,  287, 
800  ;  68,  67  ;  65,  402,  815 ;  67,  256  ;  69,  1026  (1886-1896). 
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it.  Similarly,  the  specific  rotatory  power  of  a  substance  is  its 
specific  rotation  referred  to  that  of  water  under  exactly  the  same 
conditions. 

A  few  of  the  results  obtained  by  Perkiu  will  show  what  rela- 
tions were  discovered  by  him.  Take  first  the  influence  of  the  CH, 
group,  obtained  by  studying  homologous  series  of  compounds. 


Fannie  acid  . 
Acetic  acid 
ProploDlc  acid . 
Butyric  acid  . 
Methyl  bromide 
Ethyl  bromide . 
Propyl  bromide 
Methyl  iodide  . 
Ethyl  Iodide  , 
Propyl  iodide  . 


4.472 
4.644^ 

6.851 


i 


There  is  thus  very  nearly  a  constant  difference  in  the  molecular 
magnetic  rotation  produced  by  the  constant  difference  in  composition 
of  CH„  where  the  compounds  have  similar  constitution.  This  dif- 
ference is  about  1.02.  The  effect  of  constitution  on  magnetic  rotar 
tioQ  can  best  be  seen  by  studying  isomeric  substances. 


(Propyl  alcohol  ,  . 
iBopropyl  alcohol  . 
{Propyl  broroido  . 
IBopropyl  bromide 


(Propyl  chloride 
Isopropjl  chloride 
/  Butyric  acid  .    .    . 
I.  Isobutyric  acid  .    . 


G.158 
4.472 
4.47D 


These  results  show  that  constitution  has  a  marked  influence 

magnetic  rotation,  and  has  a  different  influence  in  compounds  of 
different  composition.  Perkin  has  attempted  to  throw  light  on 
number  of  interesting  questions  by  means  of  the  magnetic  rotation 
method,  but  for  further  details  in  this  connection  his  original  papers 
must  be  consulted. 


!* 
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Work  of  Rodger  and  Watson.  — The  section  on  magnetic  rotation 
should  not  be  closed  without  brief  reference  to  the  work  of  Rodger 
and  Watson.^  They  used  a  stronger  magnetic  field  and,  conse- 
quently, had  a  larger  rotation  to  measure.  Their  work  consists 
chiefly  in  improving  the  apparatus  to  be  used  in  studying  magnetic 
rotation.  A  few  results  were  obtained,  and  it  is  to  be  hoped  that 
further  work  will  be  done  with  the  stronger  field. 

MAGNETIC  PROPERTY 

Paramagnetic  and  Diamagnetic  Bodies.  —  Faraday '  found  that 
substances  in  general  divide  themselves  into  two  classes  with  re- 
spect to  their  behavior  toward  a  magnet.  Those  which  were  attracted 
by  the  magnet,  such  as  iron,  cobalt,  nickel,  manganese,  chromium, 
platinum,  etc.,  were  termed  paramagnetic.  Those  which  were 
repelled  by  the  magnet,  such  as  bismuth,  tin,  mercury,  copper, 
arsenic,  iridium,  uranium,  tungsten,  etc.,  were  called  diamagnetic. 

The  magnitude  of  the  attractive  and  repellent  forces  was  meas- 
ured by  Pltlcker.^  He  found  that  the  magnitude  of  the  attractive 
force  was  proportional  to  the  number  of  magnetic  molecules  present. 

Work  of  Wiedemann.  — The  most  accurate  work  which  has  been 
done  on  the  magnetic  properties  of  substances  is  that  of  Gr.  Wiede- 
mann.* He  measured  the  force  by  means  of  the  torsion  of  a  German 
silver  wire.    The  specific  magnetic  attraction,  /ia,  is  expressed  thus :  — 


BC- 


where  A  is  the  attraction  exerted,  JB,  the  mass  of  the  substance,  and 

C,  the  magnetism  of  the  electromagnet.     The  molecular  magnetism, 

M,  is  the  specific  magnetism,  /ia,  multiplied  by  the  molecular  weight 

of  the  substance,  m :  — 

Jf  =  m/iA. 

Wiedemann  confirmed  the  conclusion  of  Pltlcker,  that  the  mag- 
netic attraction  is  proportional  to  the  number  of  molecules  of  dis- 
solved salt.  He  also  used  different  salts  of  the  same  metal,  and 
found  that  the  molecular  magnetic  attraction  was  the  same  for  the 
different  salts,  if  the  magnetic  metal  was  in  the  same  state  of  oxida- 
tion in  all  of  the  salts. 

1  Ztschr.  phys.  Chem.  19.  823  (1806).     Phil.  Trans.  186  (A),  621  (1896). 

«  Phil.  Trans.  1846,  1.     Pogg.  Ann.  69,  289  (1846). 

«  Pogg.  Ann,  74,  321  (1848). 

*  Ibid.  136,  1  (1865)  ;  136,  177  (1868).     Wied.  Ann.  82,  452  (1887). 
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More  Recent  Work. —  Henrichsen,  working  in  part  with  WleBgel,* 
and  in  |iart  alone,*  has  carried  out  a  number  of  measurements  on  the 
magnetic  property  of  substances.  He  has  somewhat  modified  the 
torsion  method  of  Wiedemann,  and  has  used  a  number  of  diamag- 
netic  substances.  According  to  liim,  molecular  magnetic  repulsion, 
at  leaat,  is  an  additive  property ;  being  approximately  the  sum  of  the 
atomic  repulsions.  Certain  constitutive  influences  manifest  them- 
selves; the  presence  of  doubly  united  caibon  seemed  to  increase  the 
diamagnetic  property. 

Certain  very  simple  relations  between  the  atomic  magnetic  attrac- 
tions of  nickel,  cobalt,  iron,  and  manganese,  as  shown  by  aqueous 
solutions  of  their  compounds,  have  been  pointed  out  by  Jager  and 
Stefan  Meyer.'    Their  meaning  is  not  at  all  apparent. 

Meyer*  has  published  a  number  of  jiapers  quite  recently  on  vari- 
ous phases  of  this  subject.  In  his  most  recent  communication  he 
concludes  that  when  contraction  in  volume  takes  place  In  compounds, 
the  paramagnetism  increases;  when  dilation  occurs,  diamagnetism 


SPECIFIC  GRAVITY    AND   VOLUME    RELATIONS  OF  LIQUIDS 

Specific  GraTity,  Specific  Tolnme.  and  Molecular  Volnme.  —  By 

the  specific  gravity  of  a  substance  is  meant  the  mass  contained  in  a 
given  volume.  We  must  choose  some  substance  as  the  unit  and 
compare  other  substances  with  it.  Water  is  usually  taken  as  the 
unit.  By  specific  volume  of  a  substance  is  understood  the  volume 
in  centimetres  occupied  by  a  gram  of  the  substance.  If  we  represent 
the  siJecific  gravity  of  a  substance  by  s,  the  specific  volume  is  equal 
to  -■  The  molecular  volume  Jf  is  the  specific  volume  multiplied  by 
the  molecular  weight  m  of  the  substance :  — 


HethodB  of  det«rmiiLing  the   Specific   Gravity  of   Liqnida.  —  A 

method  for  determining  the  8i>ecific  gravity  of  a  liquid  consists  in 
weighing  a  solid  of  known  volume  in  the  liquid  by  means  of  the 
Mohr  ttalance,  and  determining  the  loss  in  the  weight  of  the  solid. 
This  is  exactly  equal  to  the  weight  of  liquid  displaced  by  it.  Know- 
ing the  volume  of  the  solid  immersed  in  the  liquid,  we  know  the 
volume  of  the  liquid  displaced  by  the  solid.     A  more  convenient 


■  WM,  Ann.  U.  121  (1884). 
»;?iM.  84,  180(1888), 


•  /T./.).  «,  M  (18117). 

*  IhM.  69,  2m  (18B11) ;  U,  325  (1860). 
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method  for  determining  the  specific  gravity  of  a  liquid  consists  in 

weighing  directly  a  known  volume  of  the  liquid.     A  number  of  forms 

of  vessels  have  been  devised  for  determining  the 

specific  gravity  of  liquids.     That  shown  in  Fig. 

12  is  the  Ostwald  modification  of  the  Sprengel 

pycnometer. 

The  liquid  is  drawn  into  the  pycnometer 
through  the  capillary,  c.  The  apparatus  is  then 
placed  in  a  constant  temperature  bath  and  brought 
to  the  temperature  desired.  The  liquid  is  brought 
to  the  mark  at  m  by  removing  liquid  from,  or 
adding  liquid  to,  c.  The  pycnometer  is  weighed 
empty;  it  is  then  filled  with  water  and  weighed, 
and  finally  filled  with  the  liquid  in  question  and 
reweighed.  Let  these  weights  be  Wi,  w^  and  w^  If  the  weight  of 
the  displaced  air  is  A,  and  we  represent  the  specific  gravity  of  the 
liquid  by  iS — 

Wa  —  w^i  -h  A 

Work  of  Kopp. — Relations  between  the  molecular  volumes  of 
certain  liquids  were  early  pointed  out  by  Kopp.*  He  found  that 
constant  differences  in  composition  corresponded  to  constant  differ- 
ences in  the  molecular  volumes.  Thus,  the  molecular  volume  of  an 
ethyl  compound  is  234  units  greater  than  that  of  the  corresponding 
methyl  compound.  The  atomic  volumes  of  a  number  of  the  elements 
were  worked  out  by  Kopp,  and  it  was  shown  that  molecular  volumes 
are  approximately  the  sum  of  the  atomic  volumes  of  the  elements 
present  in  the  molecule. 

Kopp's  later  investigations  ^  confirmed,  in  the  main,  the  results 
of  his  earlier  work.     Take  homologous  series  of  compounds ;  — 


MOLBCULAB 
VOLUMB 

DlFFBRBNCB 

Formic  acid,  CH2O2 

Acetic  acid,  C2H4O2 

Propionic  acid,  CsHeOj 

Butyric  acid,  CiHgOa 

Valeric  acid,  C5H10O2 

Ethyl  formate,  C8H6O2 

Ethyl  acetAte,  C4H8O2 

Ethyl  propionate,  C6H10O2 

Ethyl  butyrate,  C6H12O2 

41.8 

63.5 
86.4 
106.6 
130.3 
85.4 
107.6 
125.8 
149.1 

21.7 
21.9 

21.2 
23.7 

22.2 
18.2 
23.3 

1  Lieb.  Ann,  41,  79  (1842). 
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A  constant  difference  in  compositioa  corresponds  to  a  constant  dif- 
ference in  molecular  volume.  • 

Tlie  eflFect  of  constitution  on  molecular  volume  can  be  seen  by 
studying  isomeric  substances.' 

MoLEOCrtAl  VoLDUt. 

(AeeUo  acid,  CsH,0, 63.6 

I  Methyl  fomiBle,  CjHiOs 83.4 

J  Ethyl  valerate,  C;H,<Oi 173.5 

La 


Amyl  acetate,  C7H|tOt 173.4 

/  Propionic  acid,  CiH«0] S6.4 

i  Ethyl  formate,  CtlUOi 85.3 

iMelhyl  acetate,  CiH.O, B4.8 


Isomeric  substances  have  the  same  specific  volumes.  It  should 
be  observed  that  these  determinations  were  made  at  the  boiling-points 
of  the  liquids  in  question,  Kopp'  also  found  that  two  atoms  of 
hydrogen  and  one  atom  of  oxygen  can  replace  one  another  without 
changing  the  molecular  volume.  Similarly,  one  atom  of  carbon  and 
two  atoms  of  hydrogen  can  replace  each  other  without  affecting  the 
molecular  volume.  He  calculated  the  atomic  volume  of  carbon  to  be 
11,  of  hydrogen  5.5,  of  carbony!  oxygen  12.2,  and  of  hydrosyl  oxygen 
7.8.  From  these  values  Kopp  calculated  the  molecular  volumes  of  a 
large  number  of  liquids,  and  showed  that  they  agree  very  closely 
with  the  values  found  experimentally  at  the  boiling-points  of  the 
substances. 

Hore  Beoent  Work.  —  That  constitution  has  an  influence  on 
molecular  volume  is  made  probable  by  the  more  recent  work.  Buff" 
thought  that  carbon  had  a  larger  atomic  volume  in  the  unsaturated 
than  in  the  saturated  condition.  Thorpe  found  that  isomeric  sub- 
stances have  approximately,  but  not  exactly,  the  same  molecular 
volumes  at  their  boiUug-points. 

The  conclusion  from  the  beat  work  which  has  been  done  is  that 
molecular  volumes  are,  in  general,  additive,  —  the  sum  of  the  atomic 
volumes.  The  effect  of  constitution,  however,  manifests  itself 
especially  with  carbon  and  oxygen  and,  consequently,  the  law  of 
Kopp  that  constant  differences  in  composition  produce  equal  differ- 
ences iu  molecular  volume  is  only  an  approximation  to  the  truth. 

VISCOSITY  OF   LIQUIDS 

Hetboda  of  determining  Viscosity.  —  The  methods  of  determin- 
ing tlie  inner  fnction  of  a  liqiiiii,  or  its  viscosity,  are  based  upon  two 
principles,      Either  a  solid  hw\y   is  moved  in  the  liquid  and  the 

^LM.Ait».M,  171  (186C),      '  L..c.  crt.  172.      'LUb.Ann.  Su/ipJ.4,  la9  (1865), 
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resistance  to  the  movement  measured,  or  the  liquid  is  moved 
over  a  solid,  as  through  a  capillary  tube.  The  best  methods  are 
based  upon  the  second  principle.  Definite  volumes  of  liquids  are 
allowed  to  flow  through  a  capillary  tube,  and  the  time  required  is 
noted.  The  form  of  apparatus^  consists  of  a  bulb  attached  to  a 
capillary  tube,  and  a  bulb  or  some  other  form  of  vessel  at  the  other 
end  of  the  capillary  to  receive  the  liquid.  The  volume  of  the  first 
bulb  is  known,  and  the  time  required  for  this  volume  of  the  liquid 
to  flow  through  the  capillary  is  determined. 

Work  of  Thorpe  and  Rodger.  —  The  most  elaborate,  and  probably 
the  most  accurate  work  which  has  ever  been  done  on  the  viscosity  of 
liquids,  is  that  of  Thorpe  and  Rodger.*  These  authors  review  the 
work  which  had  already  been  done  on  viscosity,  and  then  discuss 
their  own.  The  aim  of  their  investigation  was  to  throw  light  on  the 
relation  between  the  viscosity  of  homogeneous  liquids  and  their 
chemical  nature.  The  method  was  to  measure  the  time  required  by 
a  liquid  to  flow  through  a  capillary  tube.  The  viscosity  could  be 
measured  from  zero  up  to  the  boiling-point  of  the  liquid.  The 
formula  of  Slotte  was  used  for  calculating  viscosity :  — 

rj  is  the  coefficient  of  viscosity  in  dynes  per  square  centimetre ;  c,  6, 
and  u  are  constants,  varying  with  the  nature  of  the  liquid.  The 
viscosities  of  some  seventy  liquids  were  measured  at  different  tem- 
peratures. To  discover  quantitative  relations  between  viscosity  and 
chemical  nature,  some  temperatures  must  be  chosen  at  which  the 
liquids  are  in  comparable  condition  with  respect  to  their  viscosities. 
Comparisons  were  made  at  the  boiling-points  of  the  liquids,  but  it 
was  found  better  to  use  temperatures  at  which  the  rate  of  change  of 
the  viscosity  coefficient  is  the  same  for  all  liquids  —  temperatures  of 
equal  slope. 

Comparisons  were,  therefore,  made  at  temperatures  at  which  -^ 

dt 

is  the  same  for  the  different  liquids.  In  all  homologous  series, 
except  the  alcohols,  acids,  and  dichlorides,  the  group  CH2  increases 
the  viscosity  coefficient.  Its  influence  diminishes  as  the  series 
ascends.  The  compound  with  the  highest  molecular  weight  has  the 
highest  coefficient,  among  corresponding  compounds.  An  iso-com- 
pound   has   always  a  larger  coefficient  than  a  normal   compound. 

1  Ztschr.  phys,  Chem.  1,  285  (1887). 

•-»  Proc.  Hoy.  Soc.  mH.  Jour.  Chem.  Soc.  71,  360  (1897).  Chem,  News,  69, 
123, 136  (1894).     Ztschr.  phys,  Chem.  14,  361  (1894). 
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Alcohols  and  acids  give  exceptional  results.  Constitution  haa  a 
marked  influence  on  the  viscosity  coefficient,  as  is  shown  by  compar- 
ing saturated  and  unsaturated  compounds. 

If  we  compare  molecular  viscosities  at  equal  slope,  we  find  that 
for  most  substances  these  can  be  calculated  from  the  constants  for 
the  atoms  in  the  molecule.     Some  of  these  constants  are :  — 


Hydrogen 44,5 

Carbon 31.0 

Hydroijl  oxygen IflO.O 

Carbonyl  oxygen 198.0 

Chlorine  in  monochlorides 266J) 

Bromine  in  monobromides 374J) 

Iodine  in  monoiodldes 490.0 

Double  linkage 48.0 

Hing  grouping 244,0 


The  effect  of  constitution  on  viscosity  is  shown  by  the  large  value 
of  the  constant  for  ring-grouping,  double  linkage,  etc,,  and  for  the 
different  values  of  oxygen  when  in  the  hydroxyl  and  carbonyl  con- 
dition. Water  and  the  alcohols  present  marked  exceptions  to  any 
relation  thus  far  discovered  between  viscosity  and  chemical  nature. 


sUue      I 


SURFACE-TENSION  OF  LIQUIDS 

Surfaoe-tenHlon.  Method  of  Heanuinir.  —  While  gases  tend  to 
expand  and  increase  their  volume,  the  surface  of  a  liquid  tends  to 
contract  and  occupy  a  smaller  volume.  This  potential  energy, 
present  at  the  surface  uf  liquids,  produces  a  tension  which  is  known 
as  surface-tension.  Any  force  which  tends  to  increase  the  size  of 
the  liquid  surface  is  opposed  by  the  surface-tension  of  the  liquid. 

There  are  a  number  of  methods  of  measuring  the  surface-tension 
of  liquids,  but  of  these  the  most  convenient  and  imiwrtant  from  the 
physical  chemical  standpoint  is  the  so^alled  capillary  method.  The 
height  to  which  the  liquid  rises  in  a  capillary  tube  is  determined, 
and  from  this  the  surface-tension  of  the  liquid  is  calculated  as  fol- 
lows :  Let  ft  be  the  height  to  which  the  liquid  rises  in  a  capillary 
tube  of  radius  r,  D  the  density  of  the  liquid  and  d  the  density  of 
the  gas  in  which  the  experiment  is  carried  out,  and  g  the  acceleration 
of  gravity ;  the  surface-tension  T  is  obtained  from  these  values :  — 

T=  i  ghr  (D-ri)  (dynes  per  cm.). 

Kelations  between  Snrfaoe-tenaion  and  Compoution,  —  Relations 
between  aurfaoe-lenaiou  and  L-omjwsition  were  jwinted  out  in  18(i0 
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by  MendeWeff,*  but  more  extended  investigations  were  published  in 
1864  by  Wilhelmy.'  He  compared  the  capillarity  coefficients  of 
substances,  which  he  termed  a.  This  was  obtained  from  the  con- 
stant -4',  by  multiplying  by  S,  the  specific  gravity  of  the  liquid, 
and  dividing  by  2 :  — 

Wilhelmy  found  that  an  increase  in  composition  of  CH,  does  not 

appreciably  change  the  value  of  a :  — 

a 

Methyl  alcohol 2.42 

Ethyl  alcohol 2.32 

Amyl  alcohol 2.43 

Addition  of  carbon  increases  the  value  of  a :  — 

a 

Alcohol,  CiHeO 2.36 

Acetone,  CsHeO 2.46 

Amylene,  CsHi© 1.76 

Xylene,  CgHio 2.76 

Addition  of  oxygen  increases  the  coe£&cient :  — 

a 

Acetone,  CsHeO 2.46 

Ethyl  formate,  CsHeOa 2.63 

Lactic  acid,  CsHeOs 3.04 

Isomeric  compounds  have  equal  coefiBicients  only  when  they  have 

similar  constitution ;  — 

a 

( Ethyl  formate,  CsHeOa 2.68 

\  Methyl  acetate,  CsHftOa 2.68 

r  Ethyl  butyrate,  CftHiaOi 2.56 

\  Amyl  formate,  C6H12O2 2.61 

An  extensive  investigation  on  the  capillary  constants  of  liquids 
at  their  boiling-points  was  published  by  Schiff  ^  in  1884.  He  recog- 
nized that  two  liquids  are  really  comparable  only  at  their  critical 
temperatures,  but  critical  temperatures  evidently  could  not  be  used 
to  study  capillarity,  since  this  disappears  at  such  temperatures. 

A  study  of  the  molecular  volumes  of  liquids  at  their  boiling- 
points  has  shown  that  this  temperature  represents  an  analogous 
condition,  since  a  constant  difference  in  composition  corresponds 

1  CompL  rend.  60,  62  ;  61,  97.  «  Pogg,  Ann.  121,  44  (1864). 

>  Lieb.  Ann.  223,  47  (1884).     An  extensive  bibliography  is  appended. 
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very  nearly  to  a  constant  difference  in  molecular  volume.  Say» 
Sehiffj'  "This  consideration  has  led  me  to  choose  the  boiling-point 
as  the  temperature  for  comparison,  and  to  compare  the  capillai'ity 
constants  determined  at  this  temperature." 

He  first  determined  whether  there  is  any  relation  between  the 
molecular  weights  of  substances  and  their  capillary  constants,  by 
comparing  the  constants  of  substances  having  the  aame,  or  nearly 
the  same,  molecular  weights  and  different  constitution. 

Mql,  Wr.       C*riLLiiiTT 

Ally!  alcohol.    C3IUO 67.B7  6.008 

Acetone,  C.UaO 57.87  6.188 


It  was  found,  in  general,  that  for  substances  having  nearly  the 
same  molecular  weight,  the  constant  was  very  nearly  the  same. 

Those  compounds  of  the  fatty  series,  having  the  higher  boiling- 
point,  have  the  larger  constant. 

Among  the  aromatic  compounds,  that  with  the  higher  boiling- 
point  has  the  smaller  constant.  With  respect  to  their  influence  on 
capillarity,  the  elements  bear  to  each  other  the  following  relations 

C  =  2H;     0  =  3H;     Ci  =  7H. 

From  these  and  similar  data  it  was  shown  to  be  possible  tx)  calculate 
the  capillarity  constants  of  liquids  from  the  chemical  formulas. 

Schiffs  later  work  embraced  a  large  number  of  substances,  and 
he  also  studied  the  effect  of  temperature  ou  surface-tension.  His 
later  work  confirmed,  in  the  main,  the  conclusions  from  his  earlier 
investigations,  but  some  exceptions  were  discovered. 

A  carbon  atom  is  not  always  equivalent  to  two  hydrogen  atoms 
in  its  influence  on  surface-tension,  but  in  some  cases,  as  with  the 
fatty  acids,  may  be  equivalent  to  three  hydrogen  atoms.  A  chlorine 
atom  is  generally  equivalent  to  seven  hydrogen  atoms,  but  in  some 
cases  is  equivalent  to  only  six.  A  bromine  atom  is  equivalent  some- 
times to  thirteen,  and  sometimes  to  eleven,  hydrogen  atoms ;  iodine 
to  nineteen  hydrogen  ;  nitrogen  to  two  and  to  three  hydrogen ;  and 


y 


From  the  above  it  will  be  seen  that  capillarity  is  considerably 
affected  by  constitution,  under  some  conditions. 

Molecular  Weights  of  Pure  Liquids  determined  by  Heang  of  their 
Surface-tension.  —  The  determination  of  the  molecular  weight  of  a 
pure  homogeneous  liquid  is  to  be  sharply  distinguished  from   the  _ 


'  Lif',.  Ant 


1,  03  (188i). 
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determination  of  the  molecular  weight  of  one  substance  dissolved  in 
another.  As  we  shall  see,  we  have  excellent  methods  for  solving  the 
latter  problem,  but  only  one  partially  satisfactory  method  for  the 
former.  The  work  of  the  Hungaiian  physicist  Eotvos  ^  showed  that 
the  rate  of  change  in  surface-energy  with  the  temperature  is  a  con- 
stant. If  y  is  the  surface-tension,  s  the  surface,  and  t  the  tempera- 
ture measured  from  the  critical  temperature  as  zero,  we  have  — 

^  =  c. 
dt 

That  the  formula  might  be  applied  to  different  liquids,  s  is  taken  as 
the  molecular  surface.  If  we  represent  the  molecular  volume  by 
Mv,  and  regard  this  as  a  cube,  any  face  of  the  cube  will  be 
(J[fv)»  =  «.     The  formula  of  Eotvos  then  becomes  — 

y  (Mvy  =  ct, 

where  t  is  the  temperature  of  the  experiment,  calculated  from  the 
critical  temperature  downward. 

Ramsay  and  Shields*  tested  the  above  formula  experimentally, 
using  a  number  of  liquids  whose  molecular  volumes  were  known; 
such  as  ether,  methyl  formate,  ethyl  acetate,  carbon  tetrachloride, 
benzene,  chloroform,  methyl  alcohol,  ethyl  alcohol,  and  acetic  acid. 
They  must  first  determine  the  value  of  y  for  each  of  the  liquids.  The 
surface-tension  y  is  calculated  from  the  equation  y=  i  rlig  (p  — <r), 
where  r  is  the  radius  of  the  capillary  tube,  h  the  height  to  which  the 
liquid  rises  in  the  tube,  g  the  acceleration  of  gravity,  p  the  density 
of  the  liquid  at  the  temperature  of  the  experiment,  and  a-  the  density 
of  the  vapor  of  the  liquid.  The  value  of  h  must  be  determined  for 
each  liquid  over  a  considerable  range  of  temperature.  The  apparatus 
finally  used  by  Ramsay  and  Shields  to  measure  the  height  to  which 
the  liquid  rises  in  a  capillary  tube  is  shown  in  Fig.  13. 

A  glass  tube  A  is  fused  at  its  two  ends  to  two  smaller  glass  tubes, 
B  and  C,  and  the  latter  is  left  open.  Z>  is  a  closed  cylinder  made  of 
thin  glass,  containing  a  spiral  of  iron  wire.  It  is  fastened  to  a  glass 
rod,  and  this  in  turn  to  the  capillary  FG,  There  is  a  small  open- 
ing in  the  capillary  at  F.  The  capillary  tube  and  the  liquid  to  be 
investigated  are  introduced  through  C,  and  this  is  then  drawn  out  as 
shown  in  the  figure.  The  tube  is  then  connected  with  a  pump,  and 
the  liquid  boiled  until  all  the  air  has  been  removed.  When  the  tube 
contains  only  the  vapor  of  the  substance,  it  is  closed  by  fusion.     The 

1  Wied.  Ann.  27,  448  (1880).  ^Ztschr.  phys.  Chem.  12,  iSS  (1893). 
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whole  apparatus  above  the  tube  D  is  surrounded  by  a  vapor-jacket, 
through  which  liquid  or  vapor  of  the  desired  temperature  can  circu- 
late to  keep  the  temperature  of  the  inner  vessel  constant,  and  to 
bring  it  to  the  desired  temperature.  A  magnet  H,  H  is  used  to 
raise  or  lower  the  capillary  so  that  the  surface  of  the  liquid  inside 
the  tube  shall  be  only  a  few  inillimetres  below  the 
n  open  end.     The  surface  of  the  liquid  is  thus  always 

j[  brought  to  the  same  point  in  the  capillary  G,  and 

the  diameter  of  the  tube  at  this  point  determined 
once  for  all.  The  height  of  the  liquid  column  in  the 
capillary  is  read  by  means  of  a  telescope,  at  a  defi- 
nite temperature ;  the  temperature  varied  as  desired, 
and  new  readings  made  at  given  intervals. 

The  results  obtained  by  Kamsay  and  Shields 
showed  that  the  formula  of  Eotvos  does  not  hold 
at  different  temperatures,  but  for  ether,  methyl  for- 
mate, ethy!  acetate,  carbon  tetrachloride,  benzene, 
and  chlorbenzene,  the  following  equation  obtains:  — 


m 


y  (Mvf 


c{t-d). 


HHD 


d  is  small,  being  on  the  average  abnnt  5°.  The 
equation  holds  for  these  substances  to  within  a  few 
degrees  of  the  critical  temperature.  The  average 
value  of  the  constant  for  these  substances  is  2.12, 
varying  between  2.04  and  2,22. 

Methyl  alcohol,  ethyl  alcohol,  and  acetic  acid  pre- 
sent exceptions.  The  value  of  c  is  not  a  constant, 
but  varies  with  the  temperature;  therefore  y{Mv)^ 
doe.s  not  vary  proportional  to  the  temperature.  That 
|~H~|  this  may  be  true,  M  must  vary  with  the  tempera- 
ture; or,  in  a  word,  the  molecules  of  these  sub- 
stances are  more  complex  at  low  temperatures  than 
would  correspond  to  the  simplest  formula,  and  these 
more  complex  molecules  break  down  as  the  tempera- 
ture rises.  The  substances  which  give  the  normal 
constant  value  of  c  =  2.121  are  assumed  to  have  the 
same  molecular  weight  in  the  liquid  as  in  the 
gaseous  condition,  since  as  tlie  temperature  approaches  the  critical 
temperature  there  is  no  change  in  the  value  of  the  constant.  This, 
in  most  cases,  is  the  simplest  molecular  weight  possible  for  the  sub- 
stance. Liquids  which  do  not  give  a  constant  value  of  c  with  change 
in  temperature  are  known  as  "associated."    The  degree  of  associa- 
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tion,  or  the  association  factor  x,  is  obtained  by  dividing  the  value 
2.121  by  the  value  of  the  differential  c,  for  the  associated  liquid  at 
the  temperature  in  question,  thus :  — 


I      2.121  ^  ^      /2.121\* 
X'  = ,  or  a?  =  ' » 

c 


/2.121\* 


The  method  of  obtaining  c  for  a  non-associated  liquid,  and  for  an 
associated  liquid,  and  x,  the  association  factor,  will  be  made  clearer 
by  an  example  taken  from  the  work  of  Ramsay  and  Shields.^ 

Take  first  a  non-associated  liquid — carbon  bisulphide :  — 

y  at  19^4  =  33.58  y(Mv)i  at  19^4  =  515.4 

y  at  46M  =  29.41  y(Mv)i  at  46M  =  461.4 

The  value  of  the  differential  between  these  two  temperatures  is  — 

t^[y(^^)*U  515.4  ^  461.4  ^  o   oo 
dt  46.1-19.4  '      * 

Since  this  value  differs  so  slightly  from  the  mean  value  2.121  for 
non-associated  liquids,  we  conclude  that  carbon  bisulphide  belongs  to 
this  class. 

Let  us  take  as  an  example  of  an  associated  liquid  formic  acid :  — 

y  at  16^8  =  37.47  y(3fv)*  at  16^8  =  424.4 

y  at  46°.4  =  34.42  y(Mv)i  at  46^4  =  397.7 

y  at  79°.8  =  30.80  y{Mv)i  at  79°.8  =  364.6 

Between  the  first  two  temperatures  we  have  — 

dly(Mv)i]  ^  424.4  -  397.7  ^  p  g^o 
dt  46.4-16.8 

Between  the  second  and  third  — 

dlyjMv)*}  ^  397.7  -  364.6  ^  ^  qqj 
dt  79.8-46.4  "       ' 

The  value  of  c  differs  greatly  from  the  normal  value  2.12  for  non- 
associated  substances,  and,  therefore,  the  molecules  of  formic  acid 
are  associated  into  complexes. 

1  Ztschr.  phys,  Chem.  12,  462  (1893). 
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It  Still  remains  to  calculate  the  value  of  tlie  association  factor'^ 
For  the  range  between  IC.S  and  46''.4,  we  have  — 

For  temperatures  between  46°.4  and  79°.8  — 

^=(im^=.  3.13. 

The  molecular  weight  of  the  substance  in  the  liquid  condition  is 
obtained  by  multiplying  the  association  factor  by  the  simplest  molec- 
ular weight  of  the  substance.  The  molecular  weight  of  formic  acid 
between  the  lower  temperatures  is  3.61  x  46  =  166 ;  between  the 
higher  tenii)eratures,  3.13  x  46  =  144. 

As  the  temperature  increases  the  molecular  weight  decreases, 
showing  that  at  the  higher  temperatui-e  the  complex  molecules 
undergo  some  dissociation  into  simpler  molecules.  Ramsay  and 
Shields'  determined  the  surface-tension  of  a  large  number  of  liquids 
at  different  temperatures,  and  calculated  the  value  of  the  differential 
between  the  temperatures  used.  He  found  that  many  liquids  gave 
the  normal  value  2.12,  while  many  others  gave  values  which  were 
much  smaller.  Among  the  former  or  non-associated  liquids  are 
phosphorus  trichloride,  ethyl  iodide,  ether,  chloral,  ethyl  formate, 
ethyl  acetate,  benzene,  chlorbenzene,  nitrobenzene,  aniline,  pyridine, 
etc.  The  associated  liquids  include  the  alcohols,  the  fatty  acids, 
acetone,  phenol,  water,  and  the  like. 

The  molecular  weights  of  the  associated  liquids  show  that  the 
molecules  of  such  liquids  do  not,  in  general,  contain  a  large  number 
of  the  simplest  molecules.  Liquid  phosphorus,  however,  seems  to 
contain  four  atoms  of  phosphorus  in  the  molecule  (P,),  and  water 
has  the  most  highly  associated  molecide  of  any  compound  studied. 
The  results  of  measurements  of  surface-tension  show  that  the  molec- 
ular weight  of  water  at  0°  corresixrads  to  the  formula  (H,0)v 
Water  thus  stands  at  the  extreme  with  respect  to  its  molecular 
complexity  in  the  liquid  condition.  We  shall  see  later  that  most  of 
the  properties  of  water  are  exceptional.  They  are  usually  excep- 
tionally large  or  small,  plaeing  water  at  one  extreme  or  the  other  of 
the  substances  with  which  it  can  be  compared. 

Asafurthertestof  the  accuracy  of  the  formula  y(jtfii)' =  c(C  —  d), 
and  the  coiiataney  of  c  for  normal  liquids,  a  number  of  esters  were 

'  ZUchr.  phys.  Chem.  18,  404  (1893).     J„urn.  Chem.  Sot.  63,  1080  (18S3J, 
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carefully  studied ;  their  surface-tensions  being  measured  from  10**  to 
to  240**.*  The  value  of  c  for  eight  esters  varied  from  2.04  to  2.25. 
That  the  value  of  c  is  approximately  constant  for  normal  liquids 
seems  thus  to  be  established  beyond  question. 

In  this  method  of  determining  the  molecular  weights  of  pure 
liquids,  it  was  assumed  that  the  molecular  weight  of  normal  liquids 
is  the  same  as  in  the  gaseous  state.  Although  this  is  an  assumption, 
it  is  made  very  probable  by  the  fact  that  if  there  is  an  association  in 
normal  liquids,  the  same  number  of  gaseous  molecules  must  be  asso- 
ciated in  the  liqmd  molecules  of  all  such  substances,  since  c  is  a 
constant  for  all  normal  liquids.  This  is  extremely  improbable. 
The  assumption  that  there  is  no  association  in  normal  liquids  is 
further  very  much  strengthened  by  the  fact,  that  as  the  temperature 
rises  and  approaches  the  critical  temperature  there  is  no  sign  of  any 
dissociation  of  the  molecules  of  such  liquids  into  simpler  molecules  — 
the  value  of  c  remaining  constant  close  up  to  the  critical  tempera- 
ture. This  is  scarcely  possible  if  the  molecules  of  these  substances 
consist  of  complexes,  since  it  is  almost  certain  that  such  complexes 
would  begin  to  break  down  long  before  the  critical  temperature  was 
reached. 

The  method  employed  by  Ramsay  and  Shields  to  calculate  the 
value  of  the  association  factor  x  is,  however,  still  open  to  some 
doubt.  Somewhat  later  Ramsay  *  proposed  a  better  method  of  cal- 
culating the  value  of  this  quantity,  but  even  this  does  not  seem 
to  be  entirely  free  from  objection.  The  surface-tension  method 
enables  us,  then,  to  distinguish  between  liquids  which  are  not  asso- 
ciated and  those  which  are ;  it  probably  makes  it  possible  to  deter- 
mine very  roughly  the  degree  of  association,  or  the  number  of  the 
simplest  molecules  combined  to  form  the  liquid  molecule. 

DIELECTRIC  CONSTANTS  OF  LIQUIDS 

The  Dielectric  Constants  of  Some  of  the  More  Common  Solvents.  — 

The  dielectric  constant,  or  specific  inductive  capacity  of  liquids  has 
recently  acquired  a  very  special  interest  from  the  physical  chemical 
standpoint,  due  to  a  relation  which  is  supposed  to  exist  between  this 
property  and  the  power  of  liquids  to  break  down  molecules  into  ions. 
This  relation  will  be  taken  up  later,  when  the  dissociating  power  of 
different  liquids  is  under  consideration. 

The  meaning  of  the  term  "  dielectric  constant  of  a  medium "  is 

1  Ztschr.phya,  Chem.  l6,  98  (1894).    Proc.  Roy.  Soc.  66,  162  (1894). 
a  Ibid.  16,  111  (1894). 
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best  illustrated,  perhaps,  as  follows:  When  two  charges  of  electricity 
are  placed  at  a  cei'tain  distance  apart  and  separated  by  a  dietectrJc, 
the  force  with  which  they  act  upon  one  another  is  proportional  to 
the  product  of  the  two  quantities,  and  inversely  proportional  to  the 
square  of  the  distance  between  them.  But  it  was  shown  by  Faraday 
that  the  nature  of  the  non-conducting  medium  between  the  two 
cliarges  must  be  taken  into  account.  A  factor  must  be  introduced 
for  the  nature  of  this  medium.  Tliis  factor,  which  is  a  constant  for 
any  given  medium,  was  termed  by  him  the  specific  inductive  capacity 
of  the  medium,  and  has  since  come  to  be  known  as  the  dielectric 
conata,nt  of  the  medium. 

A  number  of  methods  have  been  devised  for  determining  dielec- 
tric constants.  We  should  mention  especially  those  of  Thwing,' 
Nernst,'  and  Drude.* 

The  dielectric  constants  of  some  of  the  more  common  solvents  at 
18°  are  given  in  the  following  table  :  — 


Hydrogen  dioxide 
Water    . 
Formic  acid  , 
Hitrobenzeno 
Methyl  alcohol 
Ethyl  alcohol 
Propyl  aloobol 
Ammonia,  liquid  . 
Amyl  alcohol 
Ethylene  chloride 
Aniline 
Chloroform    . 
Ether    . 

Carbon  bisulphide 
Benzene 


It  was  thought  for  a  long  time  that  water  has  the  highest  diele6- 
tric  constant  of  any  known  solvent.  When  solutions  of  salts  in  liquid 
ammonia  were  shown  to  have  high  conductivity,  it  was  supposed  that 
the  dielectric  constant  of  liquid  ammonia  would  lie  very  high.  The 
work  of  Goodwin  and  Thompson'  showed,  however,  that  such  was 
not  the  case,  the  constant  for  liquid  ammonia  being  only  about 
22.  The  effort  to  find  a  solvent  with  a  higher  dielectric  t 
than  water  was  continued,  and  has  apparently  been  crowned  i 


'  Ztachr.  phyn.  Chem.  14,  286  (1894). 

«  Ihid.  H,  (122  (1804). 

'  Ibid.  S3,  267  (18U7).  •  Phys.  ttev.  8,  38  (1809). 


uy  auoui. 

constant 
ued  with        I 


LIQUIDS  147 

success.  Calvert*  has  shown,  from  a  study  of  the  dielectric  constant 
of  an  aqueous  solution  of  hydrogen  dioxide,  that  it  is  probably  higher 
than  that  of  water,  having  the  value  given  in  the  table.  There  is 
thus  one  liquid  known  which  probably  surpasses  water  with  respect 
to  this  property.  This,  however,  is  not  proved  as  yet,  and  even  if  it  is 
true  is  not  very  surprising,  since  hydrogen  dioxide  is  so  closely  allied 
to  water  in  composition,  being  in  a  certain  sense  water  intensified. 

A  survey  of  this  chapter  will  show  that  there  is  a  close  relation 
between  many  of  the  physical  properties  of  liquids  and  their  com- 
position and  constitution.  Many  of  these  relations  are  thus  far 
purely  empirical,  their  meaning  and  significance  being  entirely 
unknown.  Yet,  in  most  cases,  such  relations  have  been  clearly 
established  beyond  question,  by  very  elaborate  and  careful  investi- 
gations. While  at  present  we  fail  to  see  the  real  significance  of 
most  of  these  relations,  we  cannot  but  recognize  their  great  impor- 
tance. The  introduction  of  an  atom  or  a  group  of  atoms,  producing 
a  constant  effect  on  so  many  physical  properties,  or  the  constant 
influence  of  a  double  or  triple  bond,  are  facts  which  must  lie  very 
close  to  the  ultimate  composition  and  constitution  of  matter.  We 
feel,  instinctively,  that  there  is  some  generalization  of  the  very 
deepest  significance  foreshadowed,  as  it  were,  by  facts  such  as  those 
considered  in  this  chapter ;  and  instead  of  these  empirical  generalizar 
tions  being  neglected,  they  should  stimulate  to  renewed  effort  to  dis- 
cover what  they  really  mean.  While  it  is  impossible  at  present  to 
predict  from  what  quarter  light  will  be  thrown  on  such  facts,  it  is 
not  improbable  that  the  study  of  the  thermal  phenomena  manifested 
by  liquids,  such  as  specific  heat,  absolute  boiling-temperature,  etc., 
may  prove  helpful  in  the  direction  indicated.  There  is  no  chapter 
in  the  older  or  the  newer  physical  chemistry  where  a  wide-reading 
generalization  is  more  needed,  and  none  in  which  a  comprehensive 
generalization  would  contribute  more  toward  placing  chemistry 
upon  the  basis  of  an  exact  science. 

1  Ann,  der  Phys.  1,  483  (1900). 
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SOLIDS 

General  Properties  of  Solids.  —  The  third  state  of  aggre^tion  of 
matter  is  known  as  the  solid  state.  We  liave  seen  that  when  any 
gas  is  cooled  below  a  certain  point  it  passes  over  into  the  liquid 
state.  When  any  liquid  is  cooled  sufficiently  it  passes  over  into  a 
solid.  It  is  thus  possible  to  pass  from  the  gaseous  oi  liquid  state  to 
the  solid.  The  reverse  ti'ausfoi'mation  is  also  possible,  —  a  solid  can 
be  converted  into  a  liquid  by  heat,  and,  as  we  have  seen,  a  liquid  can 
be  transformed  into  a  gas.  Every  elementary  form  of  matter  may 
take  any  of  the  three  states  of  aggregation  —  gas,  liquid,  or  solid ; 
the  state  in  which  it  exists  at  any  given  time  is  determined  by  the 
temperature  and  pressure  to  which  it  xa  subjected.  By  varying 
these  sufficiently  and  in  the  right  direction,  it  can  be  made  to  take 
either  of  the  other  forms. ' 

We  have  already  studied  the  general  characteristics  of  the  gaseous 
and  liquid  states;  we  shall  now  turn  to  the  general  properties  of 
solids.  The  most  striking  difference  between  solids,  and  liquids  and 
gases  is  that  the  first  has  a  definite  form  and  occupies  a  defiiiit« 
space.  In  respect  to  these  properties,  solids  differ  fundamentally 
from  the  other  states.  Another  striking  difference  which  really  lies 
at  the  foundation  of  those  just  referred  to,  is  the  relative  rigidity  of 
the  parts  in  a  solid.  The  particles  are  firmly  fixed,  and  move  over 
one  another  only  with  the  greatest  difficulty,  enormous  pressures  being 
required  to  change  the  form  of  solids.  As  it  is  said,  the  resistance  to 
movement  or  the  inner  friction  of  solids  is  very  great.  With  liquids 
there  is  some  inner  friction,  but  relatively  little,  while  with  gases 
the  resistance  to  the  movement  of  the  parts  is  relatively  quite  small. 

Solids  behave  very  differently  from  gases  with  respect  to  their 
power  to  resist  pressure.  The  volume  of  gases  is  changed  by  press- 
ure, approximately  according  to  the  law  of  Hoyle  —  volume  .varies 
inversely  as  pressure.  The  volume  of  solids  is  changed  but  little, 
even  when  the  pressure  is  very  great.  In  this  respect  the  difference 
between  solids  aud  liquids  is  much  less  than  between  solids  and  gases. 
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Liquids  are  compressed  but  little  by  great  pressure,  but  the  cliange 
in  volume  is  greater  than  with  solids. 

The  density  of  solids  is  much  greater  than  that  of  gases,  and,  in 
general,  greater  than  that  of  liquids.  This  is  just  what  we  would 
expect,  since  the  solid  state  represents  matter  in  the  most  condensed 
form.  It  is  true  that  some  liquids  are  heavier  than  some  solids,  but 
the  above  statement  is  generally  true. 

The  change  in  the  volume  of  solids  produced  by  heat  is  much  less 
than  for  gases.  The  temperature  coefficient  of  the  latter  is,  as  is 
well  known,  ^^sf  ^^i^®  *^®  volume  of  solids  changes  only  a  small 
fraction  of  this  amount  for  a  change  of  one  degree  in  temperature. 

The  solid  state  not  only  represents  matter  in  its  most  concen- 
trated form,  but,  as  we  have  seen,  in  its  most  resistant  state ;  resist- 
ant not  only  to  physical  agents,  but  also  to  chemical.  While  a 
substance  remains  a  solid  it  is  much  less  active  chemically  than  when 
in  either  of  the  other  states  of  aggregation.  In  many  cases  a  solid 
will  not  react  at  all  with  another  substance,  but  when  it  is  melted 
reacts  readily.  The  result  is,  we  know  much  less  of  the  chemistry 
of  solids  than  of  liquids  and  gases.  The  same  holds  true  with 
respect  to  our  physical  chemical  knowledge  of  solids.  Partly  on 
account  of  the  relative  inertness  of  solids,  and  partly  because  of  a  lack 
of  efficient  methods  with  which  to  study  them,  we  know  relatively 
little  of  matter  in  the  solid  state  from  the  physical  chemical  stand- 
point. Much  that  is  included  in  some  works  on  physical  chemistry 
with  respect  to  solids,  seems  to  belong  either  to  pure  physics  or  to 
the  science  of  crystallography  and  mineralogy.  The  subject  of 
solids  can  be  dealt  with  very  briefly  by  the  physical  chemist,  and, 
consequently,  this  chapter  is  quite  short. 

CRYSTALS 

Ciystal  Systems.  —  Most  of  the  solid  substances  with  which  we 
are  familiar  tend  to  take  certain  definite  geometrical  forms,  which 
are  more  or  less  characteristic  of  the  substance.  This  is  true 
whether  the  solid  is  formed  from  a  homogeneous  liquid  or  from 
solution.  In  the  latter  case,  however,  there  is  generally  better 
opportunity  for  the  particles  to  arrange  themselves  according  to 
their  attractive  forces,  and,  consequently,  well-defined  crystals  are 
more  frequently  formed  from  solution  than  from  a  pure  liquid.  In 
a  crystal  the  particles  are  arranged  in  a  perfectly  orderly  manner, 
and  fulfil  the  condition  that  the  arrangement  about  any  one  point  is 
the  same  as  about  any  other  point. 
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Crystals  fall  into  a  number  of  groups  or  systems,  with  respect 
the  nature  of  their  cry  stall  ographic  forms.     Indeed,  sis  such  crystal- 
lographic  systems  are  reeogniKed. 

I.  Some  crystal  forms  are  built  up  upon  three  axes  which  are  all 
of  the  same  length,  and  are  all  at  right  angles  to  one  another.  This 
system,  known  as  the  regular  or  iaotiopic  system,  is  distinguished 
from  the  remaining  systems  in  that  all  the  properties  of  the  crystals 
are  the  same  in  every  direction.  This  system  includes  such  well- 
known  fonns  as  the  octohedron,  cube,  dodecahedron,  etc.  The 
regular  system  is  distinguished  from  all  the  other  crystallographic 
systems,  iu  that  it  has  the  largest  number  of  planes  of  symmetry. 

II.  The  tetragonal  system  comprises  all  of  those  forms  which 
are  built  upon  two  axes  of  the  same  length  and  the  third  axis  of  a 
different  length  from  the  other  two ;  all  the  angles  between  the  axes 
being  right  angles.  In  such  crystals  the  axis  which  is  longer  or 
shorter  than  the  other  two  is  placed  vertically,  and  the  two  axes  of 
equal  length  are  placed,  therefore,  in  the  horizontal  plane.  The  sym- 
metry here  is  evidently  of  a  lower  order  than  in  the  regular  system. 

III.  A  third  crystallographic  system  is  conceived  as  built  upon 
three  axes  symmetrically  arranged  in  a  horizontal  plane,  all  of  equal 
length,  and  making  right  angles  with  a  vertical  axis  which  is  of 
different  length.  It  is  evident  that  this  system,  called  the  hexagonal, 
is  closely  related  to  the  tetragonal  from  a  geometrical  standpoint, 
and  we  shall  see  that  crystals  in  the  two  systems  resemble  one 
another  closely  with  respect  to  their  physical  properties. 

IV.  The  orthorhombic  system  lias  three  axes  all  of  unequal 
length,  but  all  making  right  angles  with  one  another.  It  is  evident 
that  the  symmetry  of  the  geometrical  forms  built  upon  such  axes  is 
lower  than  in  any  other  system  thus  far  considered. 

V.  The  above  four  systems  have  all  the  axes  making  right  angles 
with  one  another,  except  the  hexagonal  system  which  has  three 
lateral  axes,  and  these  make  angles  of  sixty  degrees  with  one  another. 
There  are  crystallographic  systems  in  which  the  axes  dn  not  make 
right  angles  with  each  other.  The  first  of  these  —  the  manoclinic  — 
has  all  three  axes  of  unequal  length,  and  one  of  them  not  making 
a  right  angle  with  the  other  two.  The  presence  of  the  oblique  angle 
has  evidently  reduced  the  degree  of  symmetry  very  nearly  to  its 
limit.  Indeed,  in  the  monoclinic  system  there  is  only  one  plane  of 
symmetry  remaining  —  the  plane  of  the  oblique  and  vertical  axis. 
There  is  only  one  more  step  possible  in  decreasing  the  symmetry  of 
a  system,  and  that  is  realized  iu  the  sixth  and  last  crystallographic 
system, 
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YI.  In  the  triolinio  or  assrmmetrio  system  the  three  axes  are  all 
of  unequal  lengths,  and  are  all  inclined  to  one  another.  There  is  no 
right  angle  in  this  system,  and,  therefore,  no  plane  of  symmetry. 
The  triclinic  system  stands,  then,  at  one  extreme,  in  which  all 
symmetry  has  been  lost,  while  the  regular  system  represents  the 
highest  degree  of  symmetry. 

Holohedrism.  Hemihedrism.  Tetartohedrism.  —  A  given  crystal 
form  may  occur  with  all  the  planes  present  as  an  octahedron,  a 
prism,  a  pyramid,  etc.  When  all  the  planes  belonging  to  a  given 
form  occur,  we  have  a  complete  or  holohedral  crystal. 

It  frequently  happens,  however,  that  only  half  the  planes  belong- 
ing to  a  given  form  occur.  These  are  then  extended  until  they  meet 
and  give  a  figure  which  is  quite  different  from  the  holohedral  form 
from  which  they  are  derived.  Thus,  the  hemihedral  form  of  the 
octahedron  is  the  tetrahedron;  of  the  hexagonal  prism  the  rhombo- 
hedron,  etc. 

In  a  similar  manner  only  one-fourth  of  the  planes  of  the  holo- 
hedral form  may  occur.  In  this  way  tetartohedral  forms  are  pro- 
duced, and  examples  of  tetartohedrism  are  not  wanting. 

Importance  of  Crystallography  for  Chemistry  and  Physical  Chem- 
istry.—  The  subject  of  crystallography  has  an  important  chemical 
and  physical  chemical  bearing.  A  given  substance  not  only  crystal- 
lizes in  certain  characteristic  forms,  but  the  angles  between  the 
planes  are  constant  for  the  same  substance.  This  fundamental  law 
of  crystallography  is  known  as  the  law  of  Steno.  The  crystal  form 
and  size  of  the  angles  thus  become  important  constants  for  any 
given  substance,  and  are  of  the  very  greatest  importance  in  identify- 
ing chemical  compounds.  Further,  since  different  substances  usually 
have  different  forms,  and  always  different  angles  if  they  have  the 
same  form,  we  utilize  the  form  of  crystals  to  determine  the  purity  of 
the  substance  with  which  we  are  dealing.  If  from  a  solution  or 
molten  mass  more  than  one  form  of  crystals  separates,  we  are  gener- 
ally justified  in  concluding  that  we  are  dealing  with  a  mixture.  In 
some  cases,  however,  the  same  substance  crystallizes  in  more  than 
one  form,  so  that  the  above  conclusion  is  not  always  valid,  but  such 
cases  are  relatively  not  common.  On  the  other  hand,  two  substances 
may  crystallize  in  apparently  the  same  form  ;  e,g,  calcium  carbonate 
and  magnesium  carbonate  as  dolomite.  In  such  cases,  while  the 
form  appears  to  be  the  same  the  angles  made  by  the  faces  depend 
upon  the  composition.  The  angles  on  a  pure  calcite  crystal  differ 
from  those  on  dolomite,  and,  indeed,  the  angle  can  be  used  to  deter- 
mine the  amount  of  magnesium  carbonate  present  in  the  dolomite. 
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We  thus  see  from  the  above  that  while  crystal  form  alone  is  not 
always  au  absolute  guarantee  of  the  purity  of  a  substauce,  it  is  of 
very  great  aid  to  the  chemist  in  determining  whether  he  is  working 
with  a  chemical  individual  or  with  a  mixture.  All  that  has  beeu 
said  above  iu  reference  to  the  application  of  crystallography  to 
chemistry,  applies  with  equal  force  to  physical  chemistry.  In  all 
physical  chemical  work  the  question  of  the  purity  of  the  substance 
is  fundamental,  and  the  crystallographic  method  is,  as  we  have  seen, 
of  great  assistance  in  this  eonnaction.  The  application  of  crystal 
form  to  a  physical  chemical  problem  of  the  very  highest  importance 
has  already  been  studied.  It  will  be  remembered  that  Pasteur  sepa^ 
rated  destro  and  l^vo  tartaric  acids  by  means  of  certain  hemihe- 
dral  faces,  which  occurred  on  the  ammonium  sodium  salts  of  these 
acida  —  one  hemihedral  form  occurring  ou  some  crystals,  the  other 
form  on  other  crystals.  And  this  was  the  beginning  of  what  has 
been  developed  into  an  entirely  new  branch  of  science ;  viz.  stereo- 
chemistry. 

However,  iu  addition  to  all  this,  the  form  of  crystals  has  still 
another  interest  for  the  physical  chemist.  When  the  physical  prop- 
erties of  crystals  were  studied,  it  waa  found  that  there  aje  certain 
very  close  connections  between  these  properties  and  the  geometrical 
form  of  the  crystal.     To  some  of  these  relations  we  will  now  turn. 


PROPERTIES    OF    CRYSTALS.     RELATIONS    BETWEEN    FORM 
AND   PROPERTIES 

Optical  Properties.  — The  six  crystal  systems  which  we  have  just 
considered  fall  into  three  classes  with  respect  to  their  action  on  light. 
The  first  class  includes  the  regular  system.  The  substances  which 
orystallize  in  this  system  have  only  the  power  to  refract  light,  but 
no  power  to  doubly  refract  it.  This  holds  for  every  direction  in 
which  the  light  is  passed  through  the  crystal.  A  large  numljer  of 
apparent  exceptions  to  this  generalization  have  been  observed. 
Many  substances  which  crystallize  in  the  regular  system  have  been 
found  to  show  double  polarization.  This  phenomenon  has  been  sat- 
isfactorily explained  aa  due  to  a  lamellar  arrangement  within  the 
crystal,  or  to  a  certain  stress  or  strain  in  the  crystal  produced  dar- 
ing its  growth,  or  to  a  combination  of  individuals  which  form  an 
apparently  isometric  crystal.  Since  so  many  crystals  in  the  regular 
system  show  no  double  refraction,  it  is  evidently  not  a  characteristic 
of  the  system,  but  an  accidental  state  which  obtains  under  certain 
conditions  of  growth. 
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The  second  class  includes  the  tetragonal  and  hexagonal  systems. 
These  have  one  optic  axis,  and  hence  are  termed  uniaxial.  If  a 
ray  of  light  is  passed  through  the  crystal  along  this  axis,  which  is 
parallel  to  the  vertical  axis  of  the  crystal,  i.e.  the  axis  which  differs 
in  length  from  the  other  two,  there  is  no  double  refraction.  The 
three  remaining  crystallographic  systems  fall  into  the  third  class. 
There  is  no  direction  through  crystals  in  these  systems  in  which 
light  passes  as  through  an  isotropic  substance.  They  have  no  iso- 
tropic axis.  There  are,  however,  two  directions  through  such  crys- 
tals in  which  the  two  rays  into  which  light  is  broken  travel  with  the 
same  velocity.  These  are  known  as  the  optical  axes,  and  hence  such 
crystals  are  termed  biaxial. 

The  relations  between  crystallographic  form  and  optical  proper- 
ties become  perfectly  clear  when  we  regard  light  as  a  vibratory 
motion  of  the  ether.  We  must  regard  the  crystallographic  axes  as 
expressing  the  relative  densities  of  the  ether  in  the  different  direc- 
tions through  the  crystal.  Thus,  when  all  the  axes  are  of  the  same 
length,  the  density  of  the  ether  is  the  same  in  all  directions  through 
the  crystal.  When  the  axes  are  of  different  lengths,  the  ether  is 
unequally  dense  in  the  different  directions.  Applying  these  concep- 
tions to  the  different  crystallographic  systems,  we  are  impressed  by 
the  beautiful  agreement  between  theory  and  fact.  In  the  regular  or 
isotropic  system  the  axes  are  all  of  equal  length ;  therefore,  the  ether 
is  equally  dense  in  all  directions  through  such  crystals.  Light  would 
then  move  in  all  directions  through  such  crystals  with  equal  velocity, 
and,  consequently,  there  could  be  no  double  refraction. 

In  the  uniaxial  systems  (tetragonal  and  hexagonal)  the  ether  is 
equally  dense  in  the  directions  of  the  axes  of  equal  length,  but  more 
or  less  dense  in  the  direction  of  the  axis  of  unequal  length.  If 
light  is  passed  through  such  crystals  in  any  direction  except  parallel 
to  the  axis  of  unequal  length,  it  will  encounter  ether  of  unequal  den- 
sities in  the  different  directions.  Consequently,  the  ray  of  light  will 
be  broken  up  into  two  rays,  or,  as  we  say,  will  be  doubly  refracted. 
If  the  ray  passes  through  the  crystal  parallel  to  the  axis  of  unequal 
density,  it  will  encounter  ether  of  equal  density  in  all  directions, 
since  the  axes  normal  to  this  axis  are  of  equal  length.  The  ray  will 
not  be  broken  up  into  two  when  it  moves  in  this  direction,  or,  as  we 
say,  is  not  doubly  refracted. 

When  we  come  to  the  biaxial  systems^  the  problem  is  much  more 
complicated.  The  three  axes  are  all  of  unequal  length,  and,  there- 
fore, the  densities  of  the  ether  are  different  in  the  directions  of  the 
three  axes.     A  ray  of  light  passed  through  the  crystal  along  any 
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cryBtallographic  axis  will  necessarily  be  broken  up  into  two.  There 
are,  however,  two  directions  through  such  crystals,  in  the  plane  of 
greatest  and  least  density,  along  which  the  two  beams  of  light  move 
with  equal  velocity.  These  two  optic  axes  ai'e  placed  symmetrically 
with  respect  to  the  directions  of  least  and  greatest  density.  These 
directions  may,  or  may  not,  coincide  with  the  cryBtallographic  axes, 
depending  upon  the  system.  In  the  orthorhombic  system  these 
directions  coincide  with  the  crystallographic  axes.  lu  the  mono- 
clinic  system  only  one  of  these  directions  is  coincident  with  the 
crystallograpliic  ases,  —  the  one  perpendicular  to  the  plane  of  sym- 
metry, —  while  in  the  triclinic  system  neither  of  these  directions  is 
coincident  with  the  crystallographic  axes. 

The  phenomenon  of  polarization  of  light  by  crystals  is  a  neces- 
sary consequence  of  the  difference  in  density  of  the  ether  in  different 
directions  through  the  crj-stal.  If  the  ray  encounters  ether  of  dif- 
ferent densities,  it  is  broken  up  into  two  rays,  whose  vibrations  are 
in  planes  at  right  angles  to  one  another.  Light  whose  vibrations 
are  reduced  to  a  single  plane  is  said  to  be  polarized.  These  two 
polarized  rays  move  through  the  crystal  with  different  velocities  — 
the  velocity  being  conditioned  by  the  density  of  the  ether.  Know- 
ing the  relation  between  crystallographic  form  and  density  of  the 
ether  in  the  crystal,  we  are  able  to  predict  with  certainty  in.  just 
what  cases  light  will  be  polarized  by  passing  it  through  auy  given 
crystal. 

A  close  relationship  between  the  geometrical  forma  of  crystals 
and  their  optical  properties  Is  thus  evident.  Indeed,  the  form  is 
an  index  to  the  condition  of  the  ether  in  the  crystal  —  a  geometrical 
expression  of  the  relative  densities  of  the  ether  in  different  directions 
through  the  crystal. 

Thermal  Properties  of  Crfstals. — The  thermal  properties  of 
crystals,  which  will  be  considered  here,  are  the  expansion  of  crys- 
tals by  heat  and  the  thermal  conductivity  of  crystals.  Only  crys- 
tals in  the  regular  system  expand  equally  in  all  directions  with  rise 
in  temperature.  Crystals  in  all  of  the  other  systems  expand  differ- 
ently in  different  directions.  Fizeau'  has  shown  that  crystals  in  the 
tetragonal  and  hexagonal  systems  expand  equally  in  two  directions, 
and  differently  in  the  third  direction.  This  corresponds  perfectly 
with  the  geometrical  form  and  optical  properties  of  such  crystals. 
The  effect  of  temperature  on  crystals  in  the  different  systems  can 
best  be  illustrated  thus :  If  a  sphere  is  cut  from  a  crystal  in  the 
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regular  system  at  any  given  temperature,  it  will  remain  a  sphere 
at  all  temperatures.  If  a  sphere  is  cut  from  a  crystal  in  the  tetrag- 
onal or  hexagonal  systems,  at  any  temperature,  it  will  not  be  a 
sphere  at  any  other  temperature,  since  the  expansion  along  one  axis 
is  different  from  that  along  the  other  two  —  it  will  become  an  ellip- 
soid of  revolution.  If  the  crystal  is  orthorhombic,  monoclinic,  or 
triclinic,  it  will  expand  differently  in  all  three  directions,  and, 
consequently,  the  sphere  will  become  a  triaxial  ellipsoid. 

The  conductivity  of  heat  by  crystals  obeys  the  same  laws  as 
the  optical  conductivity.  The  thermal  conductivity  was  studied  by 
boring  small  holes  in  plates  of  crystals,  inserting  a  warm  wire  into 
the  hole,  and  observing  the  melting  of  a  layer  of  wax  with  which 
the  plate  was  covered.  In  crystals  of  the  regular  system  the  figure 
of  the  melted  wax  was  always  a  circle;  in  uniaxial  crystals  a  circle 
or  ellipse,  depending  upon  whether  the  plate  was  cut  perpendicular  to 
the  optic  axis,  or  parallel  to  it.  In  biaxial  crystals  the  figure  of 
the  melted  wax  was  always  an  ellipse.*  These  facts  will  be  seen  to 
be  perfectly  analogous  to  the  action  of  crystals  on  light,  and  also 
to  their  thermal  expansion. 

Electrical  Condnctivity.  —  Our  knowledge  of  the  electrical  con- 
ductivity of  crystals  we  owe  chiefly  to  G.  Wiedemann.'  Plates  of 
crystals  were  covered  with  some  non-conducting  powder,  such  as 
lycopodium  or  minium.  Above  these  an  isolated  fine  point  was 
suspended  and  charged  positively  by  means  of  a  Ley  den  jar.  The 
powder  was  repulsed  from  the  charged  point,  in  the  form  of  a  circle 
with  isometric  crystals,  but  approximately  in  the  form  of  an  ellipse 
with  other  crystals.  The  powder  renders  visible  the  distribution  of 
electricity  over  the  surface  of  the  plate  of  crystal,  and  from  the 
figure  we  can  see  the  relative  electrical  conductivities  in  different 
directions. 

Wiedemann  found  that  electricity  is  conducted  through  crystals 
most  rapidly  in  the  directions  in  which  light  moves  most  rapidly. 
The  results  show  that  the  electrical  properties  of  crystals  agree  also 
with  their  thermal  properties. 

We  thus  have  a  close  connection  between  the  optical,  thermal, 
and  electrical  properties  of  crystals,  and  what  is  of  even  greater  inter- 
est, a  close  connection  between  these  properties  and  the  geometrical 
forms  of  the  crystals.     Other  properties  of  crystals  could  be  taken 

1  S^narmont:  Ann.  Chim.  Phys.  [3],  21,  467  (1847);  23, 179  (1848).  Pogg. 
Ann.  78,  191  (1848);  74,  190  (1849);  75,  60  (1849).  Lang :  Pogg.  Ann,  185,  29 
(1868). 

«  Pogg.  Ann.  76,  404  (1849). 
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up  if  spa^e  pemiitted,  such  as  the  figures  produced  by  etching  the 
crystals,  the  hardness  aud  elasticity  of  crystals,  etc. ;  but  the  more 
important  properties  considered  above  abow  beyond  question  that 
the  form  which  matter  takes  in  the  crystal  is  either  conditioned  by, 
or  more  probably  conditions,  the  state  of  strain  or  stress  to  which 
the  ether  is  subjected.  There  is  thus  a  striking  agreement  between 
the  form  of  the  crystal  and  its  properties,  which  depend  upon  the 
condition  of  the  ether  in  the  crystal. 


CRYSTALLOGR.^PHIC   FORM  AND  CHEMICAL  COMPOSITION 

Polymorphism.  — ^The  conclusion  might  be  drawn  from  what  has 
been  stated,  that  a  definite  chemical  substance  always  crystallizes  in 
the  same  form,  which  is  characteristic  of  the  substance.  While  this 
is  generally  true,  it  is  by  no  means  always  so.  The  same  element  or 
compound  may  crystallize  in  more  than  one  form,  and  the  forms  may 
even  have  different  degrees  of  symmetry.  When  tbe  same  substance 
crystallizes  iu  two  forms,  it  is  called  diamorfikons ;  when  in  more  than 
two,  pobimorphous.  Sulphur  is  a  good  example  of  an  element  which 
crystallizes  not  only  in  more  than  one  form,  but  also  with  different 
symmetry.  As  found  in  nature  it  is  orthorhombic ;  but  if  molten 
Bulpbui-  is  allowed  to  cool  under  certain  conditions,  it  crystallizes  in 
the  monoclinic  system.  Calcium  carbonate  is  an  example  of  a  com- 
pound crystallizing  in  more  than  one  system.  As  calcite  it  crystal- 
lizes in  tbe  hexagonal  system,  while  as  aragonite  it  belongs  to  the 
orthorhombic  system.  Other  substances  are  known  which  crystallize 
in  more  than  two  forms,  and  so  on. 

There  are  a  number  of  conditions  which  determine  the  form  which 
a  given  substance  will  take.  Of  these  the  most  important  is  tem- 
perature. This  is  shown  very  well  in  the  case  of  sulphur.  At  the 
higher  temperature  the  monocliuic  form  seems  to  be  the  most  stable, 
while  at  lower  temperatures  the  orthorhombic  rejiresents  the  more 
stable  condition.  The  monoclinic  form  passes  over  readily  into  the 
orthorhombic  at  lower  teui[>eratures. 

In  connection  with  the  effect  of  temperature  on  molecular  struc- 
ture, reference  should  be  made  to  the  recent  work  of  Cohen'  on  tin. 
He  has  found  that  ordinary  white  tin  is  stable  only  above  20°.  Below 
this  temperature  it  passes  over  slowly  into  a  gray  crystalline  modifi- 
cation, which  has  very  different  properties  from  the  ordinary  white 
tin.     The  gray  modification  when  heated  alxive  20°  passes  rapidly 

I  Zr^>-hr.  jihi/s.  Chfni.  80,  601  (1890)  ;  33,  57  (1000)  ;  36,  688  (ItlOO). 
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back  into  the  white  again.  While  the  exact  crystallographic  change 
which  takes  place  has  not  yet  been  worked  out,  it  is  quite  certain 
that  the  transformations  in  the  case  of  tin  are  strictly  analogous  to 
those  which  take  place  with  sulphur. 

Conditions  other  than  temperature  also  affect  the  crystal  form. 
The  presence  of  even  a  small  amount  of  a  foreign  substance  may 
condition  the  form  in  which  another  substance  will  crystallize. 
Take  the  case  of  calcium  carbonate,  which  can  crystallize  in  either 
the  hexagonal  or  orthorhombic  system.  If  a  substance  is  present 
which  crystallizes  in  the  hexagonal  system,  the  carbonate  of  calcium 
will  be  much  more  liable  to  form  hexagonal  crystals ;  but  if  some 
orthorhombic  substance  is  present,  the  carbonate  will  more  probably 
form  orthorhombic  crystals.  The  influence  which  one  substance  may 
have  on  the  form  which  another  will  take,  may  even  be  so  great  as 
to  force  it  to  take  a  form  in  which  it  would  never  crystallize  if  left 
to  its  own  forces. 

The  examples  of  polymorphism  given  above  all  represent  the 
condition  where  each  of  the  forms  can  be  transformed  into  the  other 
by  heat  or  some  other  agent.  There  are,  however,  cases  known 
where  a  substance  crystallizes  in  two  forms,  which  have  thus  far  not 
been  transformed  into  one  another.  Thus,  diamond  and  graphite 
have  not  been  mutually  transformed  into  one  another,  although  the 
latter  has  been  obtained  from  the  former.  That  there  is  really  any 
inherent  difference  between  this  case  and  those  above  considered, 
where  such  reciprocal  transformations  have  been  effected,  no  one  can 
believe.  The  two  or  more  forms  in  which  the  same  kind  of  matter 
occurs,  represent,  as  we  shall  see,  but  different  conditions  of  energy. 
The  one  form  contains  more  energy  stored  up  within  itself  than  the 
other,  and  hence  the  difference  in  properties,  including  the  difference 
in  crystal  form.  The  one  form  is  the  more  stable  under  certain 
conditions  of  temperature,  etc.,  while  another  modification  is  the 
more  stable  under  other  conditions.  The  meaning  of  this  will  be 
clearer  when  we  come  to  see  the  significance  of  energy  relations  as 
conditioning  the  properties  of  substances  in  general. 

Isomorphism.  —  It  is  evident  from  the  last  paragraph  that  the 
same  substance  may  crystallize  in  more  than  one  form.  This  raises 
the  question  as  to  whether  different  substances  ever  crystallize  in  the 
same  form.  This  question  was  answered  once  for  all  by  Mitscherlich. 
In  an  investigation  ^  carried  on  in  part  in  the  laboratory  of  Berzelius, 
he  showed  that  a  number  of  different  substances  may  crystallize  in 

1  Ann,  Chim.  Phys.  [2],  14,  172  (1820). 
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the  same  form,  and  then  completed  an  elaborate  investigation  in 
same  laboratory  on  the  arseniates  and  phosphates.  He  found  that 
these  salts,  although  quite  different  chemically,  crystallize  in  forms 
which  are  so  nearly  identical  that  it  was  impossible  to  detect  with 
certainty  any  appreciable  dift'ei-ences.  Aa  the  result  of  this  work 
Mitscherlich  was  led  to  the  following  generalization :'  — 

"  77(6  same  number  of  atoms  combined  in  the  aavie  manner  produce 
the  same  crystalline  form ;  and  the  same  crystalline  form  is  independent 
of  the  chemical  nature  of  the  atoms,  and  is  determined  only  by  the 
number  and  relative  jiosition  of  the  atoms." ' 

This  conclusion,  aa  is  well  known,  went  too  far  beyond  the  facta, 
yet  it  haa  considerable  historical  interest  in  connection  with  the 
determination  of  atomic  weights,  as  we  have  seen.  It  is  now  well 
known  that  there  are  substances  with  the  same  crystalline  form, 
whose  moleculea  contain  very  different  numbers  of  atoms.  The  work 
of  Mitscherlich  established  the  fact  of  isomorphism,  and  showed 
that  a  crystal  would  grow  aa  well  in  a  solution  of  an  isomorplious 
substance  aa  in  its  own.  He  showed  that  a  number  of  single  sul- 
phates may  grow  into  the  same  crystal,  also  that  an  alum  crystal  may 
contain  a  number  of  alums. 

In  the  light  of  polymorphism  and  isomorphism,  one  would  natu- 
rally ask,  can  crystal  form  be  used  at  all  as  a  characteristic  of  chemi- 
cal composition  ?  The  answer  is,  it  can.  Most  substances  crystallize 
under  ordinary  conditions  in  characteristic  forms,  and  crystal  form 
has  been  of  the  very  greatest  service  in  identifying  and  testing  ih% 
purity  of  chemical  substances. 


I  the       I 


MELTIXG-POINTS  OF  SOLIDS 


Ketbod  of  SeteTmining  the  Melting-poiiit.  —  The  method  of  deter- 
mining the  melting-point  of  a  solid,  which  is  generally  employed,  is 
very  rough.  The  solid  is  placed  in  a  fine  glass  tube  closed  at  the  bot- 
tom, and  attached  to  a  thermometer.  The  whole  is  then  immeraed  in 
sulphuric  acid  in  a  small  glass  bulb,  and  the  acid  warmed  to  the  melt- 
ing-point of  the  solid.  It  is  evident  that  such  a  method  can  give  only 
approximate  results,  however  slowly  the  sulphuric  acid  is  heated. 
There  is  nothing  to  protect  the  thermometer  from  the  effect  of  radia- 
tion, and  the  warm  bulb  is  constantly  radiating  heat  outward  on  to 
the  colder  objects  around  it.  In  order  that  any  measurement  of  tem- 
perature should  be  accurate,  it  is  necessary  that  the  bulb  of  the  ther- 
mometer should  be  surrounded  by  a  metallic  screen,  as  nearly  as 

'  Ann.  Chim.  Phg».  [a],  19,  410  (1821). 
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possible  at  its  own  temperature.  In  making  an  accurate  melting- 
point  determination,  the  bulb  of  the  thermometer  should  be  sur- 
rounded by  a  screen  of  platinum  foil,  which  is  also  immersed  in  the 
same  liquid  as  the  thermometer  in  order  that  it  may  be  heated  to 
the  same  temperature.  Since  this  precaution  has  been  for  the  most 
part  disregarded,  the  melting-point  determinations,  especially  of  or- 
ganic compounds,  may  contain  some  considerable  error. 

The  above  method  is  employed  when  only  a  small  amount  of  sub- 
stance is  at  disposal.  If  a  larger  amount  is  available,  the  whole  mass 
may  be  heated  above  its  melting-point  and  converted  into  liquid. 
The  liquid  can  then  be  carefully  cooled  down  to  its  freezing-point, 
which  is  the  same  as  the  melting-point  of  the  solid.  In  this  case  the 
liquid  is  almost  certain  to  suffer  undercooling,  i.e.  to  cool  below  its 
freezing-point  before  solidification  begins.  This  will  often  take  place 
even  when  the  entire  mass  of  the  liquid  is  vigorously  stirred;  Under- 
cooling can  be  prevented  by  adding  a  small  fragment  of  the  solid 
substance.  When  the  liquid  has  cooled  a  trifle  below  its  freezing- 
point,  it  is  only  necessary  to  add  a  small  particle  of  the  solid,  when 
all  imdercooling  will  be  removed  by  the  separation  of  more  of  the 
solid  substance,  which  will  warm  the  remainder  of  the  liquid  up  to 
its  true  freezing-point.  It  is  only  necessary  to  read  the  temperature 
of  the  liquid  containing  some  of  the  solid  phase  of  the  substance,  on 
an  accurate  thermometer,  at  standard  pressure,  and  we  have  the  true 
melting-point  of  the  substance. 

An  almost  infinitesimal  quantity  of  the  solid  phase  is  sufficient 
to  cause  an  undercooled  liquid  to  freeze.  In  this  connection  refer- 
ence only  can  be  made  to  a  recent  paper  by  Ostwald,^  which  records 
some  very  surprising  results  bearing  upon  this  point. 

Belations  between  the  Melting-points  of  Substances.  —  Certain 
regularities  between  the  melting-points  of  the  elements  have 
already  been  pointed  out.  We  will  consider  here  some  relations 
which  have  been  discovered  between  the  melting-points  of  com- 
pounds. The  bromine  compounds  ^  melt  higher  than  the  correspond- 
ing chlorine  compounds,  and  the  nitro  compounds  higher  than  the 
bromine  compounds.  Of  the  disubstitution  products  of  benzene  the 
para  compounds,  in  general,  melt  higher  than  the  ortho  or  meta.  A 
relation  which  is  far  more  interesting  than  the  above  has  been 
pointed  out  by  Baeyer.^    In  studying  the  oxalic  acid  series  Baeyer 

>  Ztschr.  phys.  Chem.  22,  289  (1897). 

2  Peterson,  Ber.  d.  chem.  Oesell  7,  68  (1874). 

•  Ibid,  10,  1286  (1877). 
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noticed  that  tlioae  compounds  tchich  have  an  even 
atoms  melt  higher  tlian  those  with  an  odd  number. 


Succinic  acid,  C^RiOt 
PyrotarWric  acid,  CiUs04 
Adipic  acid,C,HioOi 
Plmelic  aciiCjHijO, 
Suberic  acid,  CgIIu04 
Azelaic  acid,  C,H„Oi 
Sebaeic  acid.  CioH|a04 
Brassylic  acid,  CuHmOi 


A  eimilar  regularity  v 
the  formic  acid  series :  — 


J  observed  with  the  normal  members  o 


Acetic  acid,  CgHiO, 
Propionic  acid,  CiH«Og 
Bnturic  acid,  CtHgOi 
Vftlericftcid,  CjHjoOi 
Caproicacid,  C.HijOa 
(Ensnlhylic  Bcid,C,HuO, 


lower  tlian  —  21° 


lower  tban  —  10° 


C,Hi,0, 

1        C,H„0, 

C„H„0, 

C„H,^), 

C„H„0, 

'        C„H„0,     I 

In  both  aeries,  the  members  with  an  odd  number  of  carbon  atoms 
have  lower  melting-points  than  their  two  adjoining  members  with  an 
even  number  of  carbon  atoms.  The  meaning  of  this  regularity  is 
entirely  unknown. 

Quite  recently  Bayley'  has  shown  that  the  ratio  between  the 
melting-points  and  boiling-points  of  a  number  of  hydrocarbons  of  the 
parafEne,  ethylene,  and  acetylene  hydrocarbons  is  nearly  a.  constant. 
It  may  vary  from  1.5  to  2  within  a  given  series,  but  usually  much 
less.  The  author  attempts  to  connect  the  constitution  of  the  com- 
pound with  tiie  value  of  this  ratio. 

Melting-point  a  Criterion  of  Purity.  —  Of  all  the  methods  avail- 
able for  identifying  a  substance  and  testing  its  purity,  no  one  is  so 
frequently  made  use  of  by  the  chemist  as  the  melting-point  method. 
The  tem[;ierature  at  which  a  substance  melts  is  a  characteristic  con- 
stant for  the  substance,  and  this  is  often  used  as  one  means  of  iden- 
tifying it.  Further,  if  the  substance  is  pure  it  will  melt  sharply  at 
one  temperature.  If  the  melting-point  is  not  sharp,  a  part  of  the 
substance  melting  at  one  temperature  and  the  remaindi^r  not  until  a 
pi]>erature  is  reached,  we  must  couclude  that  the  compound 

'  Ckrm.  jVcips,  81.  1  (1900). 
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is  not  pure,  and  that  we  are  dealing  with  a  mixture.  The  presence 
of  a  very  small  amount  of  a  foreign  substance  affects  the  melting- 
point  quite  considerably,  usually  producing  a  lowering  of  this  point, 
so  that  a  sharp  melting-point  means  a  high  degree  of  purity. 

LATENT  HEAT  OF  FUSION 

Latent  Heat,  and  Molecular  Latent  Heat  of  Fusion. — When  a 
solid  is  heated  up  to  a  certain  temperature  it  begins  ^  mSh.  If 
more  heat  is  added  at  this  temperature,  the  solid  continues  to  melt, 
but  the  temperature  does  not  rise  until  all  of  the  solid  has  passed 
over  into  the  liquid  condition.  During  the  process  of  melting,  a 
large  amount  of  heat  is  consumed  and  disappears  as  such.  This 
was  early  termed  "  latent  heat,"  and  the  name  still  persists.  The 
amount  of  heat  required  to  melt  one  gram  of  a  substance  at  a  fixed 
temperature  is  termed  the  IcUent  heat  of  fusion  of  the  substance  at 
the  temperature  in  question.  This  quantity  multiplied  by  the  molec- 
ular weight  of  the  substance  gives  the  molecular  heat  of  fusion. 
When  the  melted  substance  solidifies,  exactly  the  same  amount  of 
heat  is  given  out  as  was  consumed  in  melting  it. 

The  latent  heat  of  fusion  of  a  solid  is  perfectly  analogous  to  the 
latent  heat  of  vaporization  of  a  liquid.  It  will  be  remembered  that 
when  a  liquid  is  heated  to  the  boiling-point,  and  more  heat  is  added, 
the  temperature  does  not  rise,  but  the  liquid  passes  over  into  vapor. 
*The  heat  required  to  convert  a  liquid  into  vapor  is  usually  very 
large ;  indeed,  the  latent  heat  of  vaporization  is  much  greater  than 
the  latent  heat  of  fusion.  The  large  amount  of  heat  consumed  in 
passing  from  the  solid  to  the  liquid  state,  and  from  the  liquid  to  the 
gaseous  condition,  does  internal  work  driving  the  molecules  farther 
■apart,  and  producing  in  general  a  molecular  rearrangement. 

Determination  of  Latent  Heat  of  Fusion. — The  method  of  meas- 
uring the  latent  heat  of  fusion  consists  not  in  measuring  the  amount 
•of  heat  which  must  be  added  in  order  to  fuse  a  given  quantity  of 
any  substance,  but  in  measuring  the  heat  liberated  by  a  given  quan- 
tity of  a  molten  substance  at  its  melting-point  when  it  solidifies. 
This  heat  of  solidification  is  exactly  equal  to  the  latent  heat  of 
fusion. 

The  latent  heat  of  fusion  of  liquids,  like  their  latent  heat  of 
vaporization,  is  of  importance  in  physical  chemistry,  as  we  shall  see, 
because  of  certain  theoretical  relations  which  have  been  worked  out 
between  this  quantity  and  the  lowering  of  the  freezing-point  of  a 
solvent  by  a  dissolved  substance.      The  latent  heat  of  fusion  of 
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a  few  of  the  mote  common   solvents  is  given 

in  the 

UHKT  H«I  OF 

Ice 

70.7  cal. 

Benzene 

20.1  cal 

NitrobenMne 

22.3  cal. 

Formic  acid 

68.4  cal. 

Acetic  acid 

43.7  cal. 

SPECIFIC   HEAT  OF  SOLIDS 

Law  of  Dnlong  and  Petit  — Although  a  portion  of  the  material 
belonging  to  this  acctios  has  necessarily  been  anticipated  in  the  dis- 
cussion of  methods  for  determining  atomic  weights,  the  subject  will 
now  bo  taken  up  a  little  more  systematically.  A  relation  between 
the  specific  heats  of  solid  elementary  substances  and  their  atomic 
weights  was  discovered  as  early  as  1819  by  Dulong  and  Petit.'  A 
few  examjiles  from  their  paper  will  make  tSiis  relation  clear:  — 


s™ir» 

;z: 

p™„ 

12.  as 

12,43 

n.iii 
e.76 

4.03 
3. 9.^7 
3.302 
2.011 

C"PI«r 

O.OOIR 

0.3766 

Sulphur 

0.1880 

0.3760 

These  atomic  weights  are  referred  to  oxygen  as  unity.  The 
value  of  the  "  product"  must  be  multiplied  by  16  to  obtain  the  value 
assigned  to  it  to-day.  The  product  of  the  a^iecific  heat  by  the 
atomic  weight  is  known  as  the  atomic  heat;  and  this  is  very  nearly 
a  constant  for  the  different  elements. 

Work  of  Regnanlt. —  The  law  of  Dulong  and  Petit  was  thoroughly 
tested  some  twenty  years  later  by  Regnault,'  who  worked  with  a 
large  number  of  elementary  substances.  He  found  that  the  law  is 
in  the  main  true,  but  the  atomic  heats  are  not  the  same  for  the  dif- 

>  Ann.  Chim.  PKys.  [2],  10,  3B5  (181B). 
*lbid.  [2J,  71,  6  (1840). 
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f erent  elements ;  they  are  only  approximately  a  constant.  The  sub- 
sequent work  of  Regnault  on  the  specific  heats  of  the  elements 
brought  out  a  number  of  interesting  facts.  He  showed  that  the 
atomic  weights  of  a  number  of  the  elements  must  be  only  half  ^  the 
values  previously  assigned  to  them,  in  order  that  the  law  of  Dulong 
and  Petit  might  apply  to  these  substances.  He,  however,  found  cer- 
tain elements  to  which  the  law  of  Dulong  and  Petit  did  not  apply  at 
all.  The  specific  heat  of  different  kinds  of  carbon '  was  determined, 
and  found  to  vary  greatly  with  the  nature  of  the  material.  The 
lowest  value,  0.146,  was  found  with  the  diamond,  and  the  highest, 
0.260,  with  animal  charcoal.  Values  ranging  all  the  way  between 
these  two  extremes  were  found  with  graphite,  anthracite,  coke,  and 
wood  charcoal.  This  was  evidently  at  variance  with  the  law  under 
consideration,  and  especially  so  since  the  highest  value  found  was 
far  too  low  to  accord  with  the  law. 

Regnault  ^  discovered  the  same  discrepancy  in  the  cases  of  sili- 
con and  boron.  Their  specific  heats  were  far  too  low  to  give  the 
nearly  constant  value  of  the  atomic  heat,  when  it  was  multiplied  by 
the  atomic  weight  of  the  element. 

Work  of  Kopp.  —  The  work  of  Kopp,*  published  nearly  twenty- 
five  years  later  than  that  of  Regnault,  added  greatly  to  our  knowl- 
edge of  the  specific  heat  of  solids.  It  is  impossible  to  enter  into  the 
details  of  this  tremendous  piece  of  work ;  only  a  few  of  the  conclu- 
sions reached  can  be  pointed  out.  The  law  of  Dulong  and  Petit 
was  found  to  hold  approximately  —  the  atomic  heati.of  the  ele- 
ments being  nearly  constant.  The  elements  carbon,  boron,  and  sili- 
con present  exceptions  to  this  law,  as  Regnault  had  found.  If  the 
molecular  heat  of  many  compounds  is  divided  by  the  number  of 
atoms  in  the  molecule,  the  quotient  is  approximately  6.4.,  i.e.  the 
same  as  the  atomic  heat  of  the  elements.  The  molecular  heat  is 
thus  approximately  the  sum  of  the  atomic  heats  of  the  atoms  which 
are  present  in  the  molecule. 

Kopp*  drew  the  following  general  conclusions  from  his  work: 
First,  every  element  in  the  solid  condition  at  a  sufficient  distance 
from  its  melting-point  has  a  definite  specific  or  atomic  heat  This 
may  vary  somewhat  with  the  temperature  and  density  of  the  sub- 

1  Ann.  Chim.  Phys.  [3],  26,  261  (1849) ;  46,  257  (1866) ;  63,  6  (1861).  Compt. 
rend.  66,  887. 

2  Dumas  and  Stas:  Ann.  Chim.  Phya.  [3],  1,  202  (1840). 
*Ann.  Chim.  Phys.  [3],  1,  129  (1841). 

*  Lieb.  Ann.  Suppl.  8,  1,  289  (1864-1866). 
»  Ibid.  8,  289  (1864-1865). 
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stance,  but  not  very  greatly.  Second,  every  element  has  the  same 
specific  atid  atomic  heat  in  the  free  conditioa  and  in  combination. 

Work  of  Weber.  —  The  elements  carbon,  boron,  and  silicon  pre- 
sented, as  we  have  aeen,  unmistakable  exceptions  to  the  law  of  Du- 
long  and  Petit.  Weber'  undertook  to  study  the  specific  heat  of 
these  elements  at  different  temperatures.  He  observed,  from  the  work 
of  others,  that  the  higher  the  temperature  the  greater  the  epecific 
heat  found.  He  determined  to  work  at  higher  temperatures,  aiyi 
found  that  the  specific  heat  of  carbon  remained  practically  constant 
with  rise  in  temperature,  after  a  dull  red  heat  was  reached.  Also 
that  the  specific  heats  of  graphite  and  diamou<l  becanfe  identical 
above  600°,  and  remained  the  same  however  high  the  tem[)erature  to 
which  both  were  heated.  The  specific  heat  of  carbon  between  600° 
and  1000°,  multiplied  by  the  atomic  weight  of  carbon  (12),  gave  5.4 
to  5.6  as  the  atomic  heat  of  carbon.  The  true  specific  heat  of  carbon 
at  2000°  must  be  at  least  O.fl,  so  that  at  this  temperature  the  atomic 
heat  of  carbon  would  be  6,  which  brings  it  in  line  with  the  law  of 
Dulong  and  Petit. 

Similar  results  were  obtained  for  boron  and  silicon ;  the  specific 
heats  of  these  elements  increased  with  rise  in  temperature  to  such 
an  extent,  that  we  are  justified  in  concluding  that  the  law  of  Dulong 
and  Petit  holds  also  for  these  elements  at  more  elevated  tempera- 
tures. 


In  closing  this  chapter  on  solids,  we  leave  what  we  have  called 
the  Older  Physical  Ckemintry.  This  refers  not  so  much  to  the 
question  of  years  as  to  the  nature  of  the  problems  dealt  with,  and 
the  methods  employed  in  solving  them.  Some  of  the  work  discussed 
in  the  preceding  chapters  was  done  in  the  last  few  years,  and  some 
investigations  which  will  be  referred  to  in  subsequent  chapters  were 
carried  out  eai'ly  in  the  century.  It  is,  however,  true  in  geneni!  that 
most  of  the  work  thus  far  considered  belongs  to  the  period  previous 
to  1885,  and  also  true  tliat  a  very  large  proportion  of  what  follows 
was  done  subsequent  to  that  dat«. 

But  the  distinction  which  we  wish  to  draw  is  far  more  funda- 
mental than  that  of  years.  The  physical  chemistry  of  to-day  differs 
not  only  in  degree  from  that  of  twenty-five  years  ago,  but  in  kind. 
What  was  studied  and  taught  at  that  time  under  this  head  bears  no 
close  relation  whatsoever  to  the  work  which  is  being  done  at  present 
by  the  modern  physical  chemist.    We  have  already  seen  what  are 

'  Fogg.  Aan.  IM,  367  (1876). 
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the  most  characteristic  features  of  the  older  physical  chemistry.  It 
was  essentially  the  study  of  the  physical  properties  of  chemical  sub- 
stances; and  the  conclusions  reached,  as  has  been  pointed  out;  were 
for  the  most  part  purely  empirical.  That  they  are,  however,  impor- 
tant in  themselves,  and  especially  important  in  what  they  have  led 
to,  and  promise  to  give  us  in  the  future,  no  one  who  is  familiar  with 
the  facts  can  deny. 

This  phase  of  our  subject  has  been  dealt  with  at  considerable 
length,  partly  because  there  is  a  marked  tendency  at  present  to  dis- 
regard or  ignore  the  work  of  the  earlier  physical  chemists,  and  to 
think  that  physical  chemistry  really  began  about  fifteen  years  ago. 
It  is  true  that  much  of  the  older  work  has  been  temporarily  obscured 
by  the  brilliancy  of  the  newfer  results,  but  the  work  of  men  like 
Kopp,  Bunsen,  Kegnault,  and  Stas,  will  ever  lie  at  the  foundation  of 
modern  science. 

Having  studied  much  of  the  work  of  the  older  period,  we  must 
now  turn  to  the  new  physical  chemistry.  In  the  following  chapter 
we  shall  show  how  the  newer  period  was  inaugurated.  How  a  dis- 
covery was  made  about  fifteen  years  ago,  which  has  grown  into  an 
entirely  new  branch  of  science,  a  branch  which  already  has  a  large 
literature  of  its  own,  which  is  being  taught  and  studied  in  most  of 
the  leading  universities  in  the  world,  and  for  which  alone  a  number 
of  laboratories  are  already  equipped.  The  rapid  growth  of  the 
science  has  been  only  commensurate  with  the  importance  of  the 
results  obtained.  Modern  physical  chemistry  has  revolutionized 
chemical  thought  in  many  directions,  it  has  thrown  light  on  a  num- 
ber of  important  physical  problems,  and  has  already  made  its  way 
into  physiology  and  other  branches  of  biology,  and  is  now  finding 
its  way  into  the  geological  sciences. 

We  shall  now  see  what  are  some  of  the  more  important  develop- 
ments of  the  new  science. 


CHAPTER  V 

BOLUTIOMB 

^ada  of  Solutions.  —  We  have  dealt  thus  far  vith  matter  in  tlie 
pure  condition.  A  pure  substance,  eitber  elementary  or  compouDd, 
was  prepared  and  its  properties  studied,  Tbe  substance  might  be 
in  the  gaseous,  the  liquid,  or  tbe  solid  state ;  or  it  might  exist  in  all 
three  states  under  different  conditions. 

We  are,  liowever,  not  limited  to  the  study  of  matter  in  the  pure 
form.  One  eleuient  or  compound  can  be  mixed  with  another  element 
or  compound,  aud  the  properties  of  the  mixture  investigated.  It  is 
not  even  necessary  to  stop  here.  Three  or  more  substances  might 
be  mixed  and  such  mixtures  studied.  Further,  the  substances  which 
are  mixed  might  be  of  tbe  same  or  of  different  states  of  aggregation. 
Mixtures  which  are  homogeneous,  and  from  which  tbe  constituents 
cannot  be  separated  mechanically,  are  termed  solutions. 

It  is  obvious  that  a  numlier  of  different  kinds  of  solutions  are 
possible.  We  know  matter  in  three  distinct  states  of  aggregation, — 
solid,  liquid,  and  gas.  Since  matter  in  every  state  can  be  mixed 
with  matter  in  every  other  state,  at  least  theoretically,  we  can  have 
nine  diilereut  classes  of  solutions.     These  are :  — 

I.  Solution  of  gas  in  gas. 

II.  Solution  of  liquid  in  gas. 

III.  Solution  of  solid  in  gas. 

IV.  Solution  of  gas  in  liquid. 
V,  Solution  of  liquid  in  liquid. 

VI.  Solution  of  solid  in  liquid. 

VII.  Solu',;ion  of  gas  in  solid. 

VIII.  Solution  of  liquid  in  solid. 

^5^'  Solution  of  solid  in  solid. 

It  may  be  stated  in  advance  that  well-defined  examples  of  all  of 
these  classes  of  sohitions  are  known.  Oui-  study  of  solutions  con- 
sists, then,  essentially  in  a  study  of  the  properties  of  these  nine 
classes  of  mixtures. 
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SOLUTIONS  IN  GASES 

Solutions  of  (hues  in  Oases.  —  When  different  gases  are  brought 
together  they  either  act  chemically  upon  one  another,  as  hydrochloric 
acid  gas  and  ammonia,  or  they  simply  mix  with  one  another,  as 
hydrogen  and  nitrogen.  It  is  to  the  latter  class  only,  where  no 
chemical  action  takes  place,  that  the  term  "  solution  of  one  gas  in 
another  "  is  applied.  When  one  gas  dissolves  in  another,  the  condi- 
tion is  always  fulfilled  that  any  quantity  of  the  one  can  dissolve  in 
any  quantity  of  the  other.  When  any  gas  dissolves  in  another  with- 
out acting  chemically  upon  it,  it  is  always  soluble  to  an  unlimited 
extent,  and  this  is  a  characteristic  of  the  kind  of  solutions  with 
which  we  are  now  dealing. 

The  pressure  exerted  by  a  mixture  of  gases  is  the  sum  of  the 
pressures  of  the  constituents.  This  was  early  discovered  by  Dalton.* 
If  we  represent  the  pressures  exerted  by  the  constituents  by  pi,  J92>  ••• 
and  the  volume  of  the  mixture  by  F,  we  have  — 

Pr=  r(jpi +JP2 +•••)• 

This  law  of  the  summation  of  gas-pressures  holds  when  the  gases 
are  not  too  concentrated,  Le.  when  the  pressures  are  not  great.  At 
higher  pressures  many  exceptions  have  been  discovered  to  this  gen- 
eralization. Indeed,  this  would  be  expected,  since,  when  the  gas- 
particles  are  comparatively  numerous  in  a  given  space,  their  effect 
upon  one  another  would  come  prominently  into  play.  It  may,  how- 
ever, be  said  in  general  that  the  properties  of  mixtures  of  dilute 
gases  are  approximately  the  sum  of  the  properties  of  the  con- 
stituents. 

Solntions  of  Liquids  in  Oases.  —  Liquids  in  general  have  the 
power  to  dissolve  in  gases,  or,  as  we  usually  say,  a  liquid  can  send 
off  vapor  into  a  space  containing  a  gas.  Ordinary  evaporation  in 
the  presence  of  the  atmosphere  is  a  phenomenon  of  the  kind  we  are 
describing.  The  law  of  the  solution  of  a  liquid  in  a  gas  was  also 
j^red  by  Dalton.*    The  vapor-pressure  of  the  vapor  of  a  liquid 

the  pj^esence  of  a  gas  is  the  same  ak  in  a  vacuum.  A  number  of 
supposed  exceptions  to  this  law  have  been  pointed  out  by  Regnault  ^ 
and  others,  but  the  recent  work  of  Galitzine  *  on  water,  ethyl  chloride, 
and  ether  shows  that  the  vapor-pressure  of,  these  substances  in  a 
vacuum  is  very  nearly  the  same  as  in  the  air.     Some  of  the  apparent 

1  Gilb.  Ann.  12,  385  (1802).  «  Mem.  Ac.  Sc.  26,  679. 

«  Ibid.  12,  393  ;  16,  21  (1802-1803).  *  DisseHation,  Strassburg  (1890). 
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exceptions  to  this  law  are  probably  due  in  part  to  a  solution  of  the 
gas  in  the  liquid  with  which  it  is  in  contact.  This,  as  we  shall  see, 
lowers  the  vapor-tension  of  the  liquid,  and,  consequently,  affects  the 
solubility  of  the  liquid  in  the  gas  in  question. 

Solations  of  Solids  in  Gases.  — There  are  solids  kuown  which  pass 
over  into  vapor  in  the  presence  of  a  gas  without  first  becoming 
liquid.  Thus,  iodine  vaporizes  at  an  elevated  temperature  in  the 
presence  of  the  atmosphere  or  other  gases.  Such  mixtures  are 
as  truly  solutions  of  solids  in  gases,  as  those  which  we  have  been 
considering  are  solutions  of  gases  or  liquids  in  gases.  About  all 
that  is  known  of  solutions  of  solids  in  gases  is  that  the  solubility 
increases  with  rise  in  temperature.  This  is  usually  expressed  by 
saying  that  the  vapor-tension  increases  with  rise  in  temperature. 


SOLUTIONS  IN   LIQUIDS 


Solutions  of  Oases  in  Liquids.  —  In  dealing  with  solutions 

liquids  as  solvent,  we  must  distinguish  between  the  cases  where 
chemical  action  takes  place  between  the  dissolved  substance  and  the 
solvent,  and  where  there  is  no  chemical  action.  The  latter  consti- 
tute the  true  solutiouH  in  liquids. 

All  gases  are  absorbed  to  some  extent  by  all  liquids,  the  amount 
of  gas  absorbed  varying  greatly  with  the  nature  of  the  gas  and  also 
with  that  of  the  liquid.  A  given  gas  is  absorbed  by  a  given  liquid 
to  a  very  different  extent  under  different  conditions.  It  ia  well 
known  that  the  greater  the  pressure  to  which  the  gas  is  subjected, 
the  larger  the  amount  dissolved.  A  very  simple  relation  was  dis- 
covered by  Henry '  connecting  the  solubility  of  a  gas  with  the  press- 
ure, and  which  has  come  to  be  known  as  Henry's  law.  The  amount 
of  a  gas  dissolved  by  a  liquid  is  proportioual  to  the  pressure  to  which 
the  gas  is  subjected. 

Henry  tested  his  law  for  several  gases  at  pressures  ranging  from 
one  to  three  atmospheres,  and  found  that  it  held  quite  closely.  It 
has  since  been  subjected  to  more  careful  test  by  Bunsen  and  others,* 
with  the  result  that  the  law  has  been  shown  to  agree  very  cloBely 
with  the  results  of  the  best  eK|>eriments. 

Exceptions  to  the  law  of  Henry  are,  however,  not  wanting.  If  the 
gas  is  very  soluble  in  the  liquid,  tiie  law  does  not  hold-  This  was 
found  by  Roscoe  and  Dittmar^  to  be  the  case  with  ammonia  in 

'  Phil.  Tran*.  (180.1).     Gilb.  Ann.  20,  147  (1805). 

I  Khanlkof  and  Lougulnine:  Ann.  CMm.  Phj/if.  [4},  11,  412  (1867). 

»LM.  Ann.  lU,  340  (1850). 
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water ;  and  similar  results  were  obtained  by  Watts.*  When  the  gas 
is  very  soluble  in  the  liquid,  the  solution  formed  is  concentrated. 
We  have  just  seen  that  the  law  of  Henry  does  not  apply  to  such 
solutions.  We  shall  see  that  practically  all  of  the  relations  which 
have  been  found  to  hold  for  dilute  solutions  fail  to  hold  in  concen- 
trated solutions.  That  Henry's  law  should  not  apply  to  concentrated 
solutions  should,  therefore,  not  be  a  matter  of  any  surprise. 

Solutions  of  Liquids  in  Liquids.  —  In  dealing  with  solutions  of 
liquids  in  liquids  we  must  distinguish  sharply  between  two  cases. 
First,  where  the  liquids  are  infinitely  soluble  in  each  other,  or,  as 
we  say,  where  they  are  miscible  in  all  proportions,  as  alcohol  and 
water.  This  case  suggests  the  solution  of  one  gas  in  another.  Here, 
as  we  have  seen,  we  always  have  infinite  solubility,  —  gases  mixing 
with  one  another  in  all  proportions.  Second,  where  the  liquids  are 
miscible  to  only  a  limited  extent,  as  water  and  ether.  Here  we 
encounter  a  new  condition,  which  we  shall  frequently  meet  with 
hereafter  in  dealing  with  solutions,  i.e.  limited  solubility.  The  prop- 
erties of  these  two  classes  of  liquid  solutions,  as  we  shall  see,  are 
quite  different.  In  addition  to  the  above  cases,  there  are  liquids 
which  are  practically  insoluble  in  one  another ;  hence,  mixtures  of 
such  liquids  cannot  be  regarded  in  any  true  sense  as  solutions,  since 
the  constituents  can  be  readily  separated  mechanically.  There  is, 
however,  no  liquid  which  is  absolutely  insoluble  in  any  other  liquid, 
so  that  the  last  distinction  is  not  a  sharp  one. 

First  Class,  —  The  properties  of  mixtures  of  liquids  which  mix  in 
all  proportions  are  not  the  sum  of  the  properties  of  the  constituents. 
When  such  liquids  are  mixed,  there  is  a  change  in  volume.  Usually 
the  volume  decreases  on  mixing,  but  in  some  instances  it  increases. 
Changes  in  temperature  accompany  the  mixing  of  liquids.  In  some 
cases  heat  is  evolved ;  in  others  it  is  absorbed.  No  relation  has  thus 
far  been  discovered  between  the  volume  changes  and  thermal  changes 
of  such  mixtures.  Sometimes  heat  is  evolved  when  there  is  con- 
traction, in  other  cases  when  there  is  expansion  in  volume. 

The  properties  of  liquid  mixtures,  however,  are  often  not  widely 
different  from  the  sum  of  the  properties  of  the  constituents.  In 
such  cases,  where  the  properties  of  the  mixture  are  nearly  "  addi- 
tive," they  can  be  approximately  calculated  from  those  of  the  con- 
stituents. If  the  volumes  of  the  two  liquids  before  they  are  mixed 
are  Vi  and  v^,  the  volume  of  the  mixture  v  is  approximately  — 

v  =  Vl  -f  v,- 
1  Lieb,  Ann.  Suppl  6,  227  (1866). 
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One  other  example  will  suffice  to  illustrate  this  point.  Take  the 
power  of  liquids  to  refract  light.  If  we  represent  the  weight  of  the 
mixture  by  W,  the  index  of  refraction  by  N,  and  the  density  by  D; 
and  the  corresponding  values  of  the  constituents  by  w^  Wb  ipj,  ■••, 
"ii  "n  "m  ■■•.  rfu  ''si  <*»  •■-,  the  following  formula  was  deduced  by 
Landolt:' — 


IP- 


-1 


-  =  »,- 


-1. 


Lj-1     , 


-1     , 


lii 


This  formula  was  tested  for  a  number  of  mixtures  by  Landolt,: 
found  to  hold.  Much  more  recently,  Schiitt ''  studied  the  refractive 
power  of  mixtures  of  ethylene  bromide  and  propyl  alcohol.  The 
iudux  of  refraction  for  the  sodium  line  was  represented  by  n  for  the 
mixture,  by  71,  and  n,  for  the  couatituenta ;  the  density  of  the  mix- 
ture is  rf,  that  of  tlie  constituents  rf,  and  rfj.  The  percentage  by 
weight  of  the  one  constituent  is  p,  that  of  the  other  100  —  p : 


and       I 


-1 


-1 


100 


Schiitt  tested  this  formula  for  a  number  of  different  lines  in 
spectrum,  and  found  that  the  difference  between  the  value  calculated 
for  the  mixture  and  that  found  experimentally  was  about  one  per 
cent,  and  the  difference  was  always  on  the  same  side.  He  then 
showed  how  the  refractivity  of  one  of  the  constituents  could  be  cal- 
culated from  that  of  the  mixture,  knowing  the  refractive  power  of 
the  other  constituent,  and  the  percentage  composition  of  the  mixture. 

We  see  from  the  above  example  that  witli  mixtures  such  as  we 
are  now  considering,  the  properties  are  never  strictly  "additive." 
They  are,  at  best,  only  approximately  so,  and  in  many  cases  differ 
very  considerably  from  the  sura  of  the  properties  of  the  constituents. 

Second  Class.  —  A  large  number  of  liciuids  are  known  which  dis- 
solve one  another  to  only  a  limited  extent.  The  case  of  ether  and 
water  has  already  been  mentioned.  It  is  not  a  simple  matter  to 
calculate  the  properties  of  such  mixtures  from  those  of  the  constitu- 
ents. One  property  of  such  mixtures,  however,  is  especially  interest- 
ing ;  I.e.  the  effect  of  temperature  on  the  composition  of  the  mixture. 
The  work  of  Alex^ew'  has  shown  that  silieylic  acid,  which  melts  at 
151°,  becomes  liquid  under  boiling  water,  and  when  heated  with 
water  in  a  closed  tube  a  little  above  100°,  this  liquid  mixes  with 

'  Lltb.  Ann.  Suf^l  4.  1  (1B65).  »  Ztsrhr.  phys.  Chum.  9.  3W  (1892). 

'  Journ. pratt.  Chen.  188.  518  (1682):   BvU.  Soc.  Chlm.  88.  145  (18B2). 


the 


SOLUTIONS 


171 


-water  in  all  proportions.  The  liquid  beneath  the  water  is  not  molten 
salicylic  acid,  but  a  solution  of  water  in  salicylic  acid.  In  the  case 
of  liquids  which  mix  to  only  a  limited  extent,  we  always  have  two 
solutions  formed  —  that  of  A  in  B,  and  that  of  B  in  A  —  if  there  is 
more  of  the  one  constituent  present  than  will  saturate  the  other.  In 
the  above  case  we  have  a  solution  of  salicylic  acid  in  water,  aud  a 
solution  of  water  in  salicylic  acid.  These  two  become  miscible  in 
all  proportions  at  a  certain  elevated  temperature,  as  we  have  just 
seen.  This  has  been  found  to  be  a  general  property  of  liquids  which 
mix  to  only  a  limited  extent.  The  two  solutions  merge  into  one  at 
a  temperature  more  or  less  elevated,  but  which  can  usually  be  real- 
ized experimentally.  These  facts  are  shown  very  clearly  by  the 
following  curves,'  the  abscissas  representing  temperatures,  the  ordi- 


nates  per  cent  of  dissolved  substance  in  100  parts  of  solution.  These 
curves  represent  aqueous  solutions  of  phenol  (1),  salicylic  acid  (2) 
benzoic  acid  (3),  aniline  phenolate  (4),  and  aniline  (5).  At  the  lower 
temperatures  we  have  in  each  case  two  distinct  solutions  represented 
by  the  two  arms  of  each  curve.  The  lower  arm  represents  the  solution 
of  the  substance  in  water,  there  being  relatively  little  substance  and 
much  water  present  in  this  solution,  aa  is  shown  by  the  small  value 
of  the  ordinate  of  this  branch  of  the  curve.  The  upper  arm  repre- 
sents the  sohition  of  water  in  the  substance  in  question,  the  latter 
being  present  in  very  large  per  cent,  as  shown  by  the  large  value  of 
the  ordinate.  As  the  temperature  rises  in  each  case,  the  two  arms 
of  the  curve  approach,  and  at  a  certain  temperature  which  is  defi- 
nite for  each  substance,  the  two  arms  meet.    This  means  that  at  this 

1  Aleifew :  Bull  Soc.  Chlm.  88,  H8  (1882>. 
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^H              temperature  the  two  solutions  —  that  of  A  in  B  and  that  of  B  in  A        < 
^H            — become  identical,  and  that  the  two  aubstani-es  can  mix  in   all 
^H              proportions. 

^H                  The  second  class  of  Bolutions  of  liquids  in  liquids,  i.e.  those  which 
^M             mix  to  only  a  limited  extent,  can,  then,  be  regarded  as  a  special  con- 
^M            dition  of  the  first  class,  which  mix  in  all  proportions.    The  condition 
^M            is,  that  ordinary  temperatures  are  below  that  at  which  such  liquids 
^M             would  mix  in  all    proportions.      "When  solutions  of  liquids  which 
^M            belong  to  the  second  class  are  heated  up  to  a  certain  temperature, 
^H             they  become  miscible  in  all  proportions,  aud,  consequently,  pass  over 
^H            into  solutions  of  the  first  class. 

^B                  Vapor-preiBore,   Boiling-point,   and  Distillatiou  of  Liquid  Miz- 
^H              tures.  —  I.    If  the  liquids  do  not  mix  to  any  appreciable  extent,  each 
^H            exerts  its  own  vapor-pressure  independent  of  the  other  liquids  which 
^H            may  be  present.     The  vapor- pressure  is,  then,  the  sum  of  the  vapor- 
^H            pressures  of  the  liquids  which  are  brought  in  contact  with  one 
^H            another.     This  has  been  verified  experimentally  by  Regnault.'    A 
^H            few  of  his  results  are  given  in  the  following  table:  — 

w.«. 

„. 

''""iiT.r.r'" 

10.5  mm. 
28.3  mm. 

2ie,7  mm. 
388.7  mm. 

227.2  mm. 
415.0  mm. 

225.9 
412.3 

^M            The  differences  here  are  less  than  one  per  cent,  the  sum  of  the  separ 
^H            rate  pressures  being  slightly  greater  than  the  vapor-pressure  of  the 
^1             mixture.    This  is  just  what  we  would  expect,  since  each  liquid  is 
^H              slightly  soluble  in  the  other,  and,  as  we  shall  see,  would  therefore 
^M              slightly  lower  the  vapor-pressure  of  the  other  liquid.     Similar  results 
^M             were  obtained  by  Regnault  for  other  pairs  of  liquids  which  dissolve 
^H              one  another  to  only  a  slight  extent. 

^M                  Such  mixtures  aa  the  alxive  would  necessarily  boil  lower  than  the 
^H            lowest  boiling  constituent,  since  the  vapor-pressures  of  the  several 
^B              constituents    summate,    and  would   overcome   the   pressure   of  the 
^m               atmosphere  at  a  temperature  lower  than  that  at  which  the  lowest 
^M               boiling  constituent  alone  would  overcome  it. 

^H                  The  vapors  of  such  mixtures  would  contain  all  of  the  constitii- 
^H            ents,  and  in  the  same  proportions  aa  the  relative  vapor-pi-essnres  of 
^H            the  liquids  present.    When  such  mixtures  are  distilled,  the  distillate 
^M            would  conUin  ail  of  the  liquids  present.    The  quantity  of  each  would 

^^                                                            ■  Fogg.  Ana.  93,  b37  (1»54). 
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depend  upon  the  relative  vapor-pressures  at  the  temperature  of  dis- 
tillation.    Some  exceptions  to  this  simple  rule  have  been  discovered. 

II.  If  the  liquids  are  partly  miscible,  the  vapor-pressure  of  the 
mixture  is  less  than  the  sum  of  the  vapor-pressures  of  the  constitu- 
ents at  the  same  temperature.  This,  again,  is  what  we  would  expect, 
since  each  liquid  present  would  depress  the  vapor-tension  of  the 
other.  In  these  cases  it  is  not  possible  to  say  offhand  just  what  the 
boiling-point  would  be.  It  generally  lies  below  the  boiling-point  of 
the  lowest  boiling  constituent,  but  it  can  be  coincident  with  it,  or 
even  higher  than  this  temperature.  The  position  of  the  boiling- 
point  of  the  mixture  with  respect  to  that  of  the  constituents  would 
be  conditioned  largely  by  the  degree  of  solubility  of  each  liquid  in 
the  other.  If  the  liquids  readily  dissolved  one  another,  there  would 
be  a  considerable  depression  of  the  vapor-tension  of  each  by  the 
other,  and,  consequently,  the  mixture  would  boil  higher ;  if,  on  the 
other  hand,  the  liquids  were  only  slightly  soluble  in  each  other, 
there  would  be  relatively  little  depression  of  the  vapor-tensions,  and 
the  mixture  would  boil  lower ;  in  this  case,  lower  than  the  lowest 
boiling  constituent. 

When  such  mixtures  are  distilled,  the  product  contains  all  of  the 
constituents.  The  composition  of  the  product  remains  constant  as 
long  as  there  are  two  layers  present,  since  each  solution  has  its  own 
definite  vapor-pressure  at  a  given  temperature.  The  effect  of  distil- 
lation would  be  to  diminish  the  lower  boiling  solution  more  rapidly 
than     the     higher     boiling. 

While  there  were  two  solu-  t»88?75 

tions  present  the  boiling-point 
would   remain  constant,   and 

would  change  only  when  one    ^  /    ^ ^"^^ '  ^ 

of  the  layers  disappeared. 

Konowalow  ^  has  studied 
the  products  of  distillation  of 
such  mixtures,  and  has  plotted 

his   results   in   curves.      The    "   '    t-60?o 

abscissa  represents  percentage 

of  alcohol ;   the  ordinate,  va-  J^Ay^^o 

por-pressure.      The  following    ^^  ^g     Pkrckntaoe  Isobutyl  Alcohol. 

curves  represent  the   results 

for  a  mixture   of  water  and  isobutyl  alcohol. 

Konowalow  measured  the  vapor-pressures  of  the  mixtures  at  dif- 

1  Wied.  Ann.  14,  34  (1881). 


T-71*0 


174 


THE  ELEMENTS  OF  niYSICAL   CllEJIlSTRY 


ferent  temperatures.  The  results  in  the  above  table  of  cun-es  were 
obtained  between  41°  and  SS^.To.  While  the  alcohol  present  was 
not  Biiffieient  to  saturate  the  water,  the  vapor-jjreasure  of  Ihe  solu- 
tion increased  with  increase  in  alcohol.  This  is  shown  by  the  rise 
in  the  curve.  When  the  water  became  saturated  with  the  alcohol, 
the  vapor-pressure  became  constant  and  independent  of  the  excess 
of  alcohol  present.  Such  a  mixture  has  a  constant  boiling-point, 
and  the  distillate  a  constant  comjKJsition.  When  the  excess  of  alco- 
hol present  becomes  so  large  that  all  the  remaining  water  present 
can  dissolve  in  it,  the  vapor-pressure  again  changes  with  the  compo- 
sition, as  is  shown  by  the  fall  iu  the  curve.  The  vapor- pressure 
finally  falls  to  the  value  for  pure  alcohol. 

If  the  mixture  represented  by  any  point  on  the  straight  line  is 
distilled,  the  eomiwsition  of  the  vapor  and  the  boiling-point  will 
remain  constant.  But  if  a  mixture  represented  by  any  point  on 
either  the  rising  or  falling  arm  of  the  curve  is  distilled,  the  com- 
position of  the  vapor  and  the  boiling-point  will  change  gradually, 
until  the  liquid  which  is  present  in  relatively  large  quantity  will 
remain  behind  in  nearly  pure  condition. 

III.  If  the  liquids  are  soluble  in  one  another  in  all  proportions, 
the  vapor-pressure  of  tlie  mixture  is  always  less  than  the  sum  of  the 
vapor-pressures  of  the  constituents  at  the  same  temperature.  This 
follows  of  necessity  from  the  fact  that  a  dissolved  substance  lowers 
the  vapor-preasure  of  the  solvent.  The  composition  of  the  vapor 
given  off  from  such  mixtures  bears  no  close  relation  to  the  compo- 
sition of  the  mixture.  The  vapor  contains  a  preponderating  amount 
of  the  most  volatile  constituent.  Upon  this  fact  rests  the  possibility 
of  separating  such  mixtures  by  fractional  distillation. 

It  is  difficult  to  say  at  once  where  such  mixtures  will  boil  with 
respect  to  the  boiling-points  of  the  constituents.  We  have  seen  that 
the  vapor-pressure  of  such  a  mixture  is  never  equal  to  the  sum  of  the 
vapor-pressures  of  the  constituents.  It  may  lie  between  the  sum  and 
the  higher  or  lower  vapor-pressure  of  the  constituents ;  or  it  may 
even  fall  below  the  pressure  of  the  constituent  which  has  the  lowest 
vapor-pressure.  The  boiling-point  of  such  mixtures  would,  of  course, 
vary  inversely  as  the  vajior-presaures,  and,  consequently,  no  general 
relation  between  the  boiling-points  of  such  mixtures  and  those  of  the 
constituents  can  be  establisJied. 

When  such  mixtures  are  distilled,  tliat  constituent  which  has  the 
highest  vapor-pressure  (lowest  boiling-point)  tends  to  pass  over  in 
largest  quantity.  By  repeating  the  distillation,  it  is,  therefore,  poa- 
sible  to  obtain  the  lowest  boiling  constituent  in  nearly  pure  con- 
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percentage  methyl  alcohol 
Fig.  16.    Water  and  Methyl  Alcohol. 


dition.     Konowalow  *  studied  the  composition  of  the  vapor  and  the 

vapor-pressure  at  different  temperatures,  of  mixtures  of  liquids  which 

mix  in  all  proportions.     The 

following  curves  were  plotted 

from  his  results :  — 

The    curves    for    methyl 

alcohol  and  water,  and  ethyl 

alcohol  and  water,  show  that 

as   the    amounts    of    alcohol 

increase,    the   vapor-pressure 

increases.     The  curves  show 

no  sign  of  any  maximum  or 

minimum  of  vapor-pressure, 

and  since  the  tendency  is  for 

that  substance  to  pass  over 

first  which  has  the  greatest 

vapor-pressure,     the     lowest 

boiling  substance  will  pass  over  in  nearly  pure  condition,  since,  as  is 

seen  at  once  from  the  curves,  the  vapor-tension  increases  as  this  sub- 
stance becomes  greater  and 
greater.  Mixtures  such  as 
methyl  alcohol  and  water,  and 
ethyl  alcohol  and  water,  can 
then  be  separated  by  fractional 
distillation.  All  mixtures 
whose  vapor-tension  curves  are 
of  this  type  (Figs.  16  and  17), 
t.6.  do  not  have  maxima  or  mini- 
ma, can  be  separated  more  or 
less  completely  by  fractional 
distillation. 

Mixtures  with  Constant  Boil- 
ing-point —  Konowalow  *  also 
studied  mixtures  of  water  and 

propyl  alcohol,  and  water  and  formic  acid.     His  results  are  plotted 

in  the  following  curves :  — 

The  curves  for  mixtures  of  water  and  propyl  alcohol  at  different 

temperatures  all  show  a  maximum  of  vapor-tension,  when  there  is 

about  70  per  cent  of  the  alcohol  present.     This  mixture,  containing 

about  30  per  cent  of  water,  has  a  greater  vapor-pressure  than  any 


PERCENTAGE  ETHYL  ALCOHOL 

Fio.  17.    Water  and  Ethyl  Alcohol. 


1  Wi€d.Ann.  14,  34  (1881). 


*  Loc.  cit. 
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other  mixture  of  these  two  substances.  This  mixture  will,  then, 
have  the  lowest  boiling-point  of  any  possible  raisture  of  water  and 
^jj.g  propyl   alcohol;     and    if  we 

distil  any  mixture  of  these 
substances,  the  distillate  will 
tend  more  and  more  to  the 
composition  of  this  mixture. 
If  we  repeat  the  distillation 
several  times,  we  shall  obtain 
finally,  not  pure  water  or 
pure  propyl  alcohol  as  the 
distillate,  but  the  mixture 
having  the  maximum  vapor- 
■  tension,  and,  consequently, 
the  lowest  boiling-point. 

The  curves  for  formic  acid 
and  water,  instead  of  showing  a  maximum  of  vapor-tension  show 
a  minimum.  This  minimum  exists  when  the  mixture  contains  about 
75  per  cent  of  formic  acid.  A  mixture  of  this  composition  has, 
then,  a  lower  vapor-tension  than  any  other  mixture  of  water  and 
formic  acid,  and,  consequently,  a  higher  boiling-point.  If  any  mix- 
ture of  these  two  substances  is  distilled,  the  composition  of  the 
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nearly  to  that  of  the  mixture 


residue  will  approach  more  and 
having  the  lowest  vapor-ten- 
sion, and  by  repeated  dis- 
tillation we  can  finally  obtain 
a  residue  in  the  flask  which 
corresponds  very  closely  to  ? 
this  composition.  £ 

It  is  obvious  that  mixtures     x 
which  show  a  maximum  or    % 
minimum  vapor-tension  can- 
not be  separated  into  their 
constituents  by  fractional  dis- 
tillation.    Instead  of  obtain- 
ing   the    pure   substances,    a 
mixture  will  be  obtained,  in 
the  one  case  in  the  distillate  having  a  maximum  vapor-tension,  in 
the  other  in  the  residue  having  a  minimum  vaiior-tension. 

Such  mixtures  with  constant  boiling-points  have  long  been  bnown, 
i  were  onre  supposed  to  be  definite  chemical  compounds.  A  mi)t- 
'8  of  20.2  per  cent  of  hydrochloric  acid  and  water  has  a  constant 
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boiling-point,  110^,  at  the  pressure  of  the  atmosphere,  and  can  be 
distilled  without  change  in  composition.  Similarly,  a  mixture  con- 
taining 68  per  cent  of  nitric  acid  in  water  has  a  constant  boiling- 
point,  and  many  others  are  known. 

Eoscoe  ^  has  proved  that  these  mixtures  are  not  definite  chemi- 
cal compounds,  by  showing  that  the  composition  of  the  distillate 
clianged  when  the  distillation  was  effected  under  different  pressures. 
Thus,  when  a  mixture  of  hydrochloric  acid  and  water  was  distilled 
under  a  pressure  of  two  atmospheres,  the  mixture  which  had  a  con- 
stant boiling-point  contained  19  per  cent  of  the  acid,  instead  of  20.2 
per  cent  as  when  the  distillation  was  carried  on  under  a  pressure  of 
one  atmosphere. 

There  is,  then,  not  the  slightest  reason  for  regarding  these  mix- 
tures with  constant  boiling-points   as   chemical  compounds. 

Solations  of  Solids  in  Liquids.  — Whenever  a  solid  is  brought  into 
the  presence  of  a  liquid,  some  of  the  solid  dissolves.  This  is  per- 
fectly general ;  for,  as  we  shall  see,  even  metallic  platinum  dissolves 
to  a  slight  extent  in  water.  When  we  consider  the  number  of  solids 
and  liquids  known,  it  is  evident  that  the  number  of  such  solutions  is 
almost  infinite.  Indeed,  we  have  become  so  accustomed  to  solutions 
of  this  class,  that  when  the  term  "  solution  "  is  used,  we  think  first  of 
the  solution  of  a  solid  in  a  liquid  solvent.  The  most  striking  char- 
acteristic, perhaps,  of  solutions  of  solids  in  liquids  is  that  there  is 
a  limit  to  the  solubility  of  every  solid  in  any  liquid.  We  know  of 
no  solid  which  dissolves  to  an  unlimited  extent  in  any  liquid.  The 
degree  of  solubility,  however,  varies  greatly.  Some  of  the  more 
resistant  metals,  like  gold,  platinum,  etc.,  are  so  nearly  insoluble  in 
neutral  liquids,  that  the  most  refined  chemical  methods  are  incapable 
of  detecting  their  presence  in  the  solvent,  and  only  the  most  refined 
physical  and  physical  chemical  methods  can  show  that  they  have 
any  solubility  whatever.  The  solubility  of  some  compounds,  on  the 
other  hand,  is  very  great  indeed.  We  should  mention  especially 
the  strontium  and  calcium  salts  of  permanganic  acid.  These  have 
recently  been  prepared  in  quantity  by  Morse  and  Black,*  using  the 
beautiful  method  of  preparing  permanganic  acid  devised  by  Morse 
and  Olsen,^  and  their  solubility  in  water  determined.  One  part  by 
weight  of  water  at  18°  dissolves  2.9  parts  of  strontium  per- 
manganate and  3.31  parts  of  calcium  permanganate.  Yet  even  in 
such  extreme  cases  as  these,  a  limit  is  reached,  and  beyond  this  it  is 
impossible  to  go.     That  point  at  which  a  liquid  cannot  take  up  more 

*  Lieb,  Ann.  118,  203  (1800).       «  Dissertation,  Johns  Hopkins  Univ.  (1000). 

»  Amer.  Chem.  Journ,  23,  431  (1900). 
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of  the  solid  at  a  given  temperature  is  known  as  the  poiut  of  satura- 
tion, and  such  a  solution  is  known  as  a  saturated  soliUi'jii. 

There  are  two  general  methods  of  preparing  saturated  solutions. 
The  anbatanee,  say  a  salt,  is  brought  iu  contact  with  the  solvent  and 
the  two  shaken  together  at  a  constant  temperature,  until  the  liquid 
will  take  up  no  more  of  the  salt.  This  is  theoretically  very  simple, 
but  it  is  found  in  practice  that  the  time  required  to  fully  saturate  a 
solution  in  this  way  is  in  some  eases  very  great  indeed. 

Another  method  which  has  been  employed  is  based  upon  the 
fact  that  the  solubility  of  many  substances  increases  with  rise  in 
temperature.  If  it  is  desired  to  saturate  a  solvent  at  a  given  tem- 
perature, it  is  heated  to  a  somewhat  higher  temperature  and  shaken 
with  the  substance  to  lie  dissolved.  The  amount  which  is  readily 
dissolved  at  the  higher  temperature  is  more  than  sufficient  to  satu- 
rate the  solution  at  tlie  lower  temperature.  Wlien  the  solution  is 
cooled  down  to  the  desired  temperature,  any  excess  of  the  dissolved 
substance  will  separate  out  in  the  presence  of  some  undissolved  sub- 
stance, and  the  solution  will  be  saturated  at  the  required  tempera- 
ture. While  the  results  obtained  by  the  first  method  are  generally 
a  little  too  low,  due  to  the  incomplete  saturation  of  the  solution, 
those  obtained  by  the  second  are  generally  a  little  too  high,  since  all 
of  the  excess  of  substance  in  solution  may  not  separate  unless  the 
solution  is  vigorously  stirred,  and  brought  freely  in  contact  with 
some  of  the  undissolved  substance.  In  studying  saturated  solu- 
tions it  is  best  to  use  both  methods,  and  take  the  mean  between  the 
results  of  the  two. 

Just  as  we  may  have  solutions  which  can  take  up  more  of  the 
dissolved  substance  and  are,  therefore,  unsatvnited.  so  we  may  have 
solutions  which  contain  more  of  the  dissolved  substance  than  corre- 
sponds to  a  state  of  stable  equilibrium.  Such  solutions  which  are 
in  a  state  of  unstable  equilibrium  are  termed  supermturated.  If  a 
supersaturated  solution  is  shaken  with  some  of  the  undissolved  sub- 
stance, the  encess  of  substance  in  solution  will  be  deposited,  and  the 
supersaturated  will  become  a  saturated  solution.  We  thus  have  a 
ready  means  of  distinguishing  between  these  three  conditions  of 
solutions.  If  the  solution  can  take  up  more  of  the  dissolved  sub- 
stance at  a  given  temperature,  it  is  unsaturated  at  that  temperature. 
If,  when  brought  in  contact  with  some  of  the  undissolved  substance 
it  neither  dissolves  more  of  the  substance  nor  deposits  any  of  that 
already  in  solution,  it  is  a  saturated  solution.  If  in  contact  with 
some  of  the  undissolved  substance  it  deposits  some  of  the  substance 
already  in  solution,  it  is  a  supersaturated  solution.     Supersaturated 
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solutions  are  formed  most  readily  by  salts  which  crystallize  with 
water  of  crystallization.  A  number  of  anhydrous  salts  can  also 
form  supersaturated  solutions. 

The  general  effect  of  temperature  on  solubility  has  been  indicated. 
The  solubility  of  most  substances  in  most  solvents  increases  with 
rise  in  temperature.  This,  however,  is  not  always  true.  In  some 
cases  solubility  decreases  with  rise  in  temperature.  The  best  exam- 
ples are  found  among  the  salts  of  the  organic  acids,  and  of  these  we 
should  mention  especially  the  calcium  salts.  When  a  saturated 
solution  of  a  calcium  salt,  say  of  citric  acid,  is  heated  to  a  higher 
temperature  than  that  at  which  it  was  saturated,  some  of  the  salt  in 
solution  is  deposited  as  a  precipitate.  When  the  solution  cools  again 
the  precipitate  redissolves.  Similar  results  are  obtained  with  salts 
of  other  metals  and  other  acids.  The  decrease  in  solubility  with 
rise  in  temperature  is  well  illustrated  by  some  of  the  cyanides. 
Much  work  has  been  done  on  the  properties  of  solutions  in  liquids 
as  solvents,  and  some  of  the  most  important  results  in  physical 
chemistry  have  been  obtained  in  this  field.  We  shall  now  take  up 
at  some  length  the  more  important  of  these  investigations,  and  show 
the  bearing  of  some  of  the  results  obtained,  and  conclusions  which 
have  been  reached. 

OSMOTIC  PRESSURE 

Osmotic  Pressure.  —  If  a  solution  of  a  substance  in  a  solvent  is 
placed  in  a  vessel,  and  over  this  solution  the  pure  solvent  is  poured, 
we  shall  find  after  a  time  that  the  substance  is  not  all  contained  in 
that  part  of  the  solvent  in  which  it  was  originally  present,  but  a 
part  of  it  has  passed  into  the  layer  of  the  pure  solvent  which  was 
poured  upon  the  solution.  This  shows  that  there  is  some  force 
analogous  to  a  pressure,  driving  the  dissolved  substance  from  one 
region  to  another,  from  the  more  concentrated  to  the  less  concen- 
trated solution.     This  pressure  has  been  termed  osmotic  pressure. 

Bemonstration  of  Osmotic  Pressure.  —  The  existence  of  this  press- 
ure was  early  recognized.  Abbe  Nollet  demonstrated  its  existence 
about  the  middle  of  the  eighteenth  century.  A  glass  tube  closed  at  the 
bottom  with  animal  parchment  was  filled  with  ordinary  alcohol,  and 
the  tube  then  immersed  in  water.  Water  could  pass  in  through  this 
parchment,  but  alcohol  could  not  pass  out.  The  contents  of  such  a 
tube  gradually  increased  in  volume,  showing  to  the  eye  the  existence 
of  osmotic  pressure.  During  the  first  three-fourths  of  the  last 
century  osmotic  pressure  was  demonstrated  by  filling  an  animal 
bladder  with  an  aqueous  solution  of  alcohol  and  immersing  the 
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bladder  in  water.  The  water  passed  into  the  bladder  and  the  alco- 
hol could  Dot  pass  out  in  any  quaotity.  Hence,  the  bladder  became 
distended  and  finally  burst.  It  will  be  observed  that  in  all  of  these 
ex|>erimentB  recourse  was  bad  to  animal  membranes.  A  discovery 
was  subsequently  made  which  has  entirely  done  away  with  the  use 
of  natural  membranes  io  demonstrating  osmotic  pressure. 

These  membranes,  which  have  the  property  of  allowing  the  sol- 
vent to  pass  through  them,  and  of  preventing  the  dissolved  substance 
from  passing,  are  known  as  seml-permeabU.  It  was  M.  Ti-aube '  who 
first  prepared  such  semi -permeable  membranes  artificially.  He 
found  that  certain  precipitates,  deposited  in  a  suitable  manner,  have 
the  property  of  allowing  the  solvent  to  pass  through  them,  but  hold 
back  the  dissolved  substance.  These  precipitates  include  copper 
ferrocyanide,  and  a  number  of  similar  gelatinous  substances.  A 
good  method  of  demonstrating  osmotic  pressure,  now  that  we  can 
prepare  artificial  membranes,  is  the  following.  A  glass  tube  about 
2  cm.  in  diameter  and  8  to  10  cm.  long,  is  tightly  closed  at  the  bottom 
with  vegetable  parchment.  This  is  soaked  in  water  for  some  hours 
so  as  to  drive  out  air-bubbles.  The  top  of  the  glass  tube  is  tightly 
closed  with  a  rubber  stopper,  through  which  is  passed  a  fine  capillary 
tube  about  a  metre  in  length.  The  end  of  the  capillary  should  just 
pass  through  the  cork,  but  must  not  protrude  beyoud  its  lower  sur- 
face. The  large  glass  tube  is  now  iioiuersed  in  a  beaker  which  is 
sufficiently  deep  to  receive  the  entire  tube.  The  tube  is  then  firmly 
clamped  in  a  vertical  position.  The  beaker  is  filled  with  a  three 
per  cent  solution  of  copper  sulphate.  The  cork  is  then  removed 
from  the  tube,  and  the  latter  completely  filled  with  a  three  per  cent 
solution  of  potassium  ferrocyanide,  to  which  enough  potassium  nitrate 
has  been  added  to  make  from  a  one  to  a  two  per  cent  solution.  The 
tube  is  then  closed  as  tightly  as  possible  with  the  cork  through 
which  the  capillary  passes,  care  being  taken  that  no  air-bubble  remains 
beneath  the  cork.  The  apparatus  is  then  set  in  a  i^uiet  place  for 
some  days.  After  a  day  or  two,  if  the  exjjeriment  is  successful,  the 
liquid  will  begin  to  rise  in  the  capillary,  and  may  reach  a  height  of 
from  40  to  50  cm. 

The  experience  of  the  writer  has  been  that  not  all  such  experi- 
ments succeed.  Indeed,  the  number  which  give  a  good  demonstra- 
tion of  osmotic  pressure  is  only  about  one-third  of  the  total  attempts 
which  he  has  made.  The  frequent  failure  is  doubtless  due  in  part 
to  the  nature  of  the  parchment  used. 

The  method  by  which  the  semi- permeable  membrane  is  formed  in 
»  ArchUf.  Auat.  und  Phyiiol.,  p.  87  (1867). 
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this  case  is  almost  self-evident.  The  copper  sulphate  from  below 
passes  into  the  parchment,  and  the  potassium  ferrocyanide  from 
above  also  enters  the  parchment.  The  two  meet  right  in  the  walls 
of  the  vegetable  parchment.  At  the  surface  of  contact  they  form 
the  gelatinous  precipitate  of  copper  ferrocyanide  in  the  walls  of 
the  parchment.  The  precipitate,  deposited  in  this  manner,  has  the 
property  of  semi-permeability  —  it  allows  the  water  to  pass  through 
and  prevents  the  dissolved  substances  from  passing.  Since  osmotic 
pressure  always  acts  so  that  water  passes  from  the  more  dilute  to 
the  more  concentrated  solution,  the  flow  of  water  in  this  case  is  from 
the  copper  sulphate  on  the  outside  to  the  potassium  ferrocyanide 
and  potassium  nitrate  on  the  inside.  The  liquid  rises  in  the  capillary 
due  to  the  inflow  of  water  through  the  semi-permeable  membrane. 

Morse's  Method  of  demonstrating  Osmotic  Pressure.  —  The  demon- 
stration of  osmotic  pressure  has  now  become  a  very  simple  matter, 
due  to  a  method  devised  in  this  laboratory  by  Morse,  and  developed 
by  Morse  and  Horn.^  They  state  the  object  they  had  in  mind  in  the 
following  words :  — 

"  It  occurred  to  the  authors  that  if  a  solution  of  a  copper  salt  and 
one  of  potassium  ferrocyanide  are  separated  by  a  porous  wall  which 
is  filled  with  water,  and  a  current  is  passed  from  an  electrode  in  the 
former  to  another  electrode  in  the  latter  solution,  the  copper  and  the 
ferrocyanogen  ions  must  meet  in  the  interior  of  the  wall  and  sepa- 
rate as  copper  ferrocyanide  at  all  points  of  meeting,  so  that  in  the 
end  there  should  be  built  up  a  continuous  membrane  well  supported 
on  either  side  by  the  material  of  the  wall.  The  results  of  our  experi- 
ments in  this  direction  appear  to  have  justified  the  expectation." 

In  order  to  remove  the  air  contained  in  the  walls  of  the  cup  they 
made  use  "  of  the  strong  endosmose  which  appears  when  a  current  is 
passed  through  a  porous  wall  separating  two  portions  of  a  dilute  solu- 
tion in  which  the  two  electrodes  are  immersed."  A  dilute  boiled 
solution  of  potassium  sulphate  was  used  for  this  purpose.  "  On  pass- 
ing the  current  between  the  electrodes  in  the  direction  of  the  one 
within  the  cup,  the  liquid  in  the  cup  rises  with  a  rapidity  which 
increases  with  the  dilution  of  the  solution,  and  with  the  intensity  of 
the  current.  The  water,  in  passing  through  the  wall,  appears  to 
sweep  out  the  air  in  an  effective  manner." 

Having  removed  the  air  by  means  of  endosmosis,  the  membrane  was 
formed  by  filling  the  cup  with  a  tenth-normal  solution  of  potassium 
ferrocyanide,  and  immersing  it  in  a  tenth-normal  solution  of  copper 
sulphate.   One  electrode  of  platinum  was  inserted  into  the  cup,  and  the 

1  Amer.  Chem.  Jour.  26,  80  (1901). 
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other  of  sheet  copper  completely  surrounded  the  cup.  The  carrent 
was  passed  from  the  copper  to  the  platinum  electrode.  Aa  soon  as 
the  copper  ious,  moving  with  the  current,  come  in  contact  with  the 
Fe(CX)5  ions  moving  against  the  current,  a  precipitate  of  copper  ferro- 
cyanide  was  foi-med  within  the  wall'  of  the  cup.  This  gradually 
became  more  conipa<.tt,  as  was  shown  by  the  fact  that  the  resistance 
offered  to  the  passage  of  the  current  rapidly  increased. 

The  advantage  of  driving  the  ions  into  the  wall  by  means  of  the 
current  is  that  the  membrane  can  be  formed  much  more  compactly 
than  by  simply  allowing  them  to  pass  into  the  wall  by  diffusion. 
With  such  a  cell  it  is  possible  to  demonstrate  osmotic  pressure  in  a 
most  satisfactory  maimer.  When  the  cell  is  filled  with  a  normal 
solution  of  cane  sugar,  closed  with  a  cork  through  which  a  capillary 
manomet«r  passes,  and  immersed  in  pure  water,  the  liquid  will  rise  in 
the  capillary  at  the  rate  of  more  tha^i  a  foot  an  hour,  and  in  one  day 
a  pressure  of  thirty  feet  of  the  sugar  solution  is  easily  secured.  This 
so  far  surpasses  all  other  demonstrations  of  osmotic  pressure  thus 
far  devised,  that  they  become  insignificaut  by  comparison.  The 
,  demonstration  of  osmotic  pressure  on  the  lecture  table  by  means 
of  this  method  has  become  aa  simple  a  matter  as  many  of  the  daily 
experiments  in  inorganic  and  oi^anic  chemistry. 

This  method  promises  much  for  the  quantitative  study  of  osmotic 
pressure.  The  ease  with  which  the  cells  can  be  prepared,  and  the 
great  resistance  offered  by  the  membranes  formed  by  the  electrical 
method,  bid  fair  to  open  up  new  possibilities  in  connection  with  the 
direct  measurement  of  osmotic  pressure.  As  the  method  was  devised 
less  than  a  year  ago,  it  has  not  yet  been  possible  to  make  extensive 
quantitative  applications  of  it.  I'ressures  of  seventeen  atmospheres 
have,  however,  been  measured.  Work  along  this  line  is  now  in 
progress. 

Heaiarement  of  Osmotic  PreiniTe.  —  The  most  accurate  quantita- 
tive method  of  measuring  osmotic  pressure  thus  far  applied  has  been 
devised  and  used  by  W.  Pfeffer."  He  made  use  of  the  artificial 
membranes  which  had  been  discovered  by  Traube,  and  deposited 
them  upon  a  support  which  was  sufficiently  resistant  to  enable  them 
to  withstand  considerable  pressure.  An  account  of  the  apparatus 
used  by  Pfeffer  and  the  method  which  he  einjiloyed  will  be  given  in 
his  own  words : '  "  I  obtained  the  first  favorable  results  by  proceed- 

■  In  very  hariJ-tiiinied  cups  the  membmne  forniHon  Ihe  inner  Horface  of  the  cup. 

•  Oatnotisehr  UnlfTsarhung'-n.     LeipiiR,  1877. 

*  Ibid.  pp.  4-6,  7-8,  20.     SclentlQc  Memoirs  Series,  IV,  4-6.     Edited  by  Prof. 
J.  8.  Ames.     (PabliBhed  by  Auer.  Book  Co.) 
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ing  as  follows :  I  took  [^unglazed']  porcelain  cells,  such  as  are  used 
for  electric  batteries,  and,  after  suitably  closing  them,  I  first  injected 
them  carefully  with  water,  and  then  placed  them  in  a  solution  of 
copper  sulphate,  which,  either  im- 
mediately or  after  a  short  time,  I 
introduced  into  the  interior  of  a  solu- 
tion of  potassium  ferrocyanide.  The 
two  membrane-formers  now  pene- 
trate diosmotically  the  porcelain  wall 
separating  them,  and  form,  where 
they  meet,  a  precipitated  membrane 
of  copper  ferrocyanide.  This  ap- 
pears, by  virtue  of  its  reddish  brown 
color,  as  a  very  fine  line  in  the 
white  porcelain  which  remains  color- 
less at  all  other  places,  since  the 
membrane,  once  formed,  prevents 
the  substances  which  formed  it  from 
passing  through. 

"In  Fig.  1  the  apparatus  ready 
for  use,  with  the  manometer  (m)  for 
measuring  the  pressure,  is  shown, 
at  approximately  one-half  the  nat- 
ural size. 

"The  porcelain  cell  8  and  the 
glass  pieces  v  and  f,  inserted  in  posi- 
tion, are  shown  in  median  longitu- 
dinal section.  The  porcelain  cells 
which  I  used  were  on  the  average, 
approximately  46  mm.  high,  were 
about  16  mm.  internal  diameter, 
and  the  walls  were  from  IJ  to 
2  mm.  thick.  The  narrow  glass 
tube  Vy  called  the  connecting-piece, 
was  fastened  into  the  porcelain  cell  with  fused  sealing-wax,  and 
the  closing-piece  t  was  set  into  the  other  end  of  this  tube  in  the 
same  manner.  The  shape  and  purpose  of  this  are  shown  in  the 
figure." 

To  give  some  idea  of  the  great  number  of  details  which  must  be 
followed  out  in  order  to  prepare  a  good  cell  for  measuring  osmotic 
pressure  the  following  paragraphs  are  quoted  from  Pfeffer's  mono- 
graph :  — 


Fig.  20. 
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"AH'  porcelain  cells  were  treated  first  with  dilute  potassium 
hydroxide,  and  then  with  dilute  hydrochloric  acid  (about  3  per 
cent),  and  after  being  well  washed  were  again  completely  dried 
before  they  were  eloaed,  as  already  described.  Substances  which  are 
soluble  in  these  reagents,  such  as  oxides  and  iron,  which  under  certEun 
conditions  can  do  barm,  would  thus  be  removed. 

"  After  the  apparatus  was  closed  the  precipitated  membrane  was 
formed  either  iu  the  wall  or  upon  the  surface,  according  to  the  prin- 
ciple already  indicated.  In  order  that  this  should  be  done  success- 
fully, a  number  of  precautionary  measures  are  necessary,  aud  these 
will  now  be  discussed.  Since  I  experimented  chiefly  with  mem- 
branes of  copper  ferrocyanide,  which  were  deposited  upon  the  inner 
surface  of  porcelain  cells,  I  will  fix  attention  especially  upon  this  case. 

"The  porcelain  cells  were  first  completely  injected  with  water 
under  the  air-pump,  and  then  placed  for  at  least  some  hours  in  a 
solution  containing  3  |>er  cent  of  copper  sidphate,  and  the  interior 
was  also  filled  with  this  solution.  The  interior  of  the  porcelain  cell 
was  then  rinsed  out  once  ijuickly  with  water,  well  dried  as  quickly 
as  possible  by  introducing  strips  of  filter  paper,  and  after  the  outside 
had  dried  off  somewhat,  it  was  allowed  to  stand  some  time  in  the  air 
until  it  just  felt  moist.  Then  a  3  per  cent  solution  of  potassium 
ferrocyanide  was  poured  into  the  cell,  and  this  immediately  reintro- 
duced into  the  solution  of  copper  sulphate. 

"  After  the  cell  had  stood  for  from  twenty-four  to  forty-eight 
hours  undisturbed,  it  was  completely  filled  with  the  solution  of 
potassium  ferrocyanide  and  closed  as  shown  in  Fig.  1.  A  certain 
excess  of  pressure  of  the  contents  of  the  cell  now  gradually  mani- 
fested itself,  since  the  solution  of  potassium  ferrocyanide  had  a 
greater  osmotic  pressure  than  the  solution  of  copper  sulphate.  After 
another  twenty-four  to  forty-eight  hours  the  apparatus  was  again 
opened,  and  generally  a  solution  introduced  which  contained  3  per 
cent  of  potassium  ferrocyanide  and  1^  pei-  cent  of  potassium  nitrate, 
and  which  showed  an  excess  of  osmotic  pressure  of  somewhat  more 
than  three  atmospheres." 

If  all  of  these  details  are  carefully  observed  and  suitable  fine- 
grained porcelain  cells  are  chosen,  the  preparation  of  good  semi-per- 
meable membranes  offers  no  serious  difficulty.  PfefEer  states  that  he 
pre])ared  twenty  such  cells  almost  without  a  failure. 

The  measurements  of  osmotic  pressure  were  made  by  means  of 
these  porcelain  cells  lined  with  the  precipitate  which  formed  the 
serai-permeable  membrane.  After  the  manometer  was  attached  to 
1  Scientific  Memolra  Seriea,  IV,  Q-T.     Ediled  by  Ames  (Amer.  Book  Co.). 


tlie  cell,  the  latter  v&s  filled  wiUi  the  eolation  vhoee  osmotic 
pressure  was  to  be  measured. 
The   cell  waa   then   tightly 
closed  and  fastened  to  a  glass 
rod  as  seen  in  figure. 

The  whole  cell,  including 
the  manometer,  was  intro- 
duced into  a  bath  as  shown 
in  the  figure.  The  bath  was 
filled  with  pure  water,  and 
the  osmotic  pressure  of  the 
solution  against  pure  water 
measured  on  the  mercury 
manometer.  Special  precau- 
tions were  taken  to  keep  the 
temperature  of  the  whole 
apparatus  constant,  since,  as 
we  shall  see,  there  is  a  large 
temperature  coefficient  of 
osmotic  pressure.  The  tem- 
perature of  the  experiment 
was  accurately  determined 
by  means  of  carefully  stand- 
ardized thermometers. 

Borne  of  Pfeffer'B  Reanlts. 
—  Pfeffer  measured  the  os- 
motic pressure  of  solutions 
of  a  numtier  of  substances 
at    different    concentrations. 

With  cane  sugar  he  obtained  the  following  results  for  dilutions 
ranging  from  one  to  six  per  cent,  keeping  the  temperature  as  nearly 
constant  as  possible.  The  temperature  for  the  series  ranged  from 
13°.5  to  14°.7. 


''"cZ'vr-^ziy" 

P 
Owiono  PuHuim 

p 

1  per  cent 

2  per  cent 
4  per  cent 
6  per  cent 

53.G  cm. 
101. Bern. 
208.2  cm. 
307.5  cm. 

Ki.5 
50.8 

51.2 

>  Otmotiache  Untenuehungen  (1877),  p.  110. 
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From  these  results  it  woeU  appear  that  osmotic  pressure  is  proper     ' 
tiooal  to  the  concentration  of  the  solution,  since  -  =  a  constant,  or 
very  nearly  a  constant.     The  deviation  from  a  constant  ia  so  slight 
that  it  is  evidently  due  to  experimental  error.    The  following  results 
were  obtained  with  potaasium  nitrate :  — 

C  -  Cq>0«llI»*TIi™  IX    Pu 
CllTT  .1  WbIOHtI 

F 
Ouiona  PuMuu 

^  J 

0.80  per  cent 
1.13  per  cent 
3,3   percent    , 

iao.4  cm. 
aia.ocm. 
4;)fi.8  ciii. 

^^H 
^^H 
^^^1 

The  ratio  of  pressure  to  concentration  decreases  as  the  concentration 
increases  in  this  case.    These  results  are,  however,  not  very  accurate, 
since  the  membrane  used  by  Pfeft'er  was  not  entirely  impervious  to 
potassium  nitrate. 

Pfeffer  also  studied  the  effect  of  temperature  on  osmotic  pressure. 
He  took  a  given  solution  and    measured   its   osmotic  pressure  at 
different  temperatures,  and  in  this  way  worked  out  the  temperature 
coefficient  of  osmotic  pressure.     The  following  results  were  obtained       | 
with  a  one  per  cent  solution  of  cane  sugar :  —                                    ^^^B 

50.6                          ^^H 
18°.2                                                   62.1  cm.                   ^^^H 

fi3.1  am.                   ^^H 
Sr.O                                                   M.8  cm.                   ^^H 
88°.0                                                         fie.T  cm.                     ^^^H 

It  is  obvious  from  these  results  that  the  osmotic  pressure  of  such  a 
solution  increases  with  rise  in  temperature.                                                      ■ 
Similar  results  were  obtained  with  sodiiun  tartrate :  —           ^^^H 

Tmi-eiiatiiim                                                  OiMiiTir'  Prnwiu                     ^^^H 

cm.                     ^^M 
36°.fl                                                       1.^,6.4  cm.                           ^^^ 

Effect  of  the  Nature  of  the  Membrane  on  Osmotic  Preasnre.  —  The 

effect  of  the  nature  of  the  semi-pfrmeablc  membrane  on  the  magni- 
tude of  the  osmotic  pressure  was  also  investigated  by  Pfeffer.'    In 
addition  to  copper  ferrocyanide,  he  used  membranes  of  Berlin  blue 
and  calcium  phosphate.     It  will  be  observed  that  all  of  these  sub-   J 

1  OtmotUche  Unicriuchungf,,.  p.  113.                          *  Ibid.  p.  116.       HH 
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stances  are  gelatinous  precipitates  like  copper  ferrocyanide.  Pfeff^r 
found  an  osmotic  pressure  of  only  38.7  cm.  for  a  one  per  cent  solu- 
tion of  cane  sugar  when  Berlin  blue  was  used  as  the  membrane, 
and  only  36.1  cm.  when  calcium  phosphate  was  employed.  From 
these  results  it  would  seem  at  first  sight  that  the  nature  of  the 
membrane  had  an  influence  on  the  magnitude  of  the  osmotic  pressure. 
The  real  explanation  of  these  differences  is,  however,  quite  different. 
The  membranes  of  Berlin  blue  and  calcium  phosphate  were  not 
sufficiently  resistant  to  withstand  the  pressure,  consequently  they 
would  leak,  and  the  true  value  of  the  maximum  pressure  was  never 
shown  by  the  manometer.  This  conclusion  was  made  very  probable 
by  the  behavior  of  these  membranes  during  the  experiments.  Of 
aU  the  membranes  tried  by  Pfeffer,  only  copper  ferrocyanide  was 
capable  of  withstanding  the  pressure,  and  only  those  results  which 
were  obtained  with  this  membrane  can  be  regarded  as  the  true 
expressions  of  the  osmotic  pressures  of  the  solutions  employed. 

Further,  Ostwald  ^  has  devised  an  ingenious  method  for  proving 
theoretically  that  the  osmotic  pressure  of  a  solution  is  independent 
of  the  nature  of  the  membrane  used  in  measuring  it.  Given  the 
cylinder.  Fig.  22, 

Introduce  two  semi-permeable  membranes,  Mi  and  Jtfi,  as  shown  in 
the  drawing.  The  space  between  the  membranes  contains  the  solu- 
tion, the  two  spaces,  A  and  B,  the  pure  solvent.  Let  us  first  suppose 
that  the  osmotic  pressure  at  Mi  is  greater  than  at  M^  Let  us  call  the 
first  pressure  p^  and  the  second  pressure  p^.  The  solvent  will  pass 
in  through  both  membranes  ^  ^ 


B 


Fio.  22. 


until  the  pressure  p*  is 
reached.  Then  the  solvent 
will  cease  to  flow  in  through 
Mij  but  will  continue  to  enter 
through  Ml.  As  soon  as  the 
pressure  in  the  solution  be- 
tween the  membranes  exceeds  pj,  the  solvent  will  flow  out  through 
the  membrane  M^y  and  will  continue  to  flow  in  through  Mi,  Since 
the  pressure  could,  then,  never  rise  to  pi,  the  solvent  will  continue  to 
flow  in  through  Mi  forever,  and  to  flow  out  through  Jfj.  We  would 
thus  have  perpetual  motion,  which  is  impossible.  Suppose  we  assume, 
on  the  other  hand,  that  P2  is  greater  than  p^  by  an  exactly  similar  line 
of  reasoning  it  is  shown  that  we  would  then  have  a  continual  flow  of 
the  solvent  through  the  cylinder  from  right  to  left  —  the  reverse  of 

1  Lehrb,  d.  Allg.  Chem,  I,  p.  662. 
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the  first  direction.  Again,  we  would  have  perpetual  motion,  wMoh 
is  impossible.  Therefore,  since  jj,  cannot  be  greater  nor  less  than  j)» 
it  must  be  equal  to  it.  In  a  word,  the  osmotic  pressure  of  a  solution 
is  independent  of  the  nature  of  the  membrane  used  in  measuring  it. 

It  is,  of  course,  assumed  in  this  discussion  that  the  dissolved 
substance  is  such  as  would  not  act  chemicaUy  upon  the  membrane. 
If  there  was  any  chemical  action,  the  membram;  would  be  destroyed 
at  once  and  the  experiment  ruined. 

The  quantitative  measurements  of  the  absolute  osmotic  pressure 
of  solutions  made  by  Pfeffer  are  the  best  up  to  the  present.  Indeed, 
very  little  has  been  done  along  this  line  since  Pfeffer  ended  his 
work.  We  should,  however,  mention  in  this  connection  the  work 
of  Adie.' 

Seasnrement  of  the  BelatiTe  Osmotic  Preunres  of  Solutioiu.  — 
While  but  little  work  hus  been  done  recently  on  the  absolute  osmotic 
pressures  of  solutions,  probably  on  account  of  the  difficulties  involved 
in  such  work,  much  has  been  done  on  the  relative  osmotic  pi-essures 
exerted  by  different  substances.  A  number  of  new  methods  have 
been  devised  for  measuring  relative  osmotic  pressures,  and  some  of 
these,  together  with  the  results  obtained,  we  shall  now  consider, 

Mvlliod  employing  Vegetable  Cells, — The  method  is  based  upon 
the  preparation  of  solutions  of  different  substances,  each  of  which 
will  have  the  same  osmotic  pressure  as  the  contents  of  cells  of  certain 
plants;  and,  therefore,  the  same  osmotic  pressure  as  one  another. 
The  difficulty  is  to  determine  just  when  the  solution  around  the  cell 
has  the  same  osmotic  pressure  as  the  content*  of  the  cell  itself. 
This  has  been  accomplished  by  the  DutcJi  botanist  De  Vries,*  to 
whom  the  method  with  which  we  shall  now  deal  is  due.  He  found 
three  plants  which  fulfil  the  conditions  necessary  to  surwas, — Ti-ade»- 
canlia  discolor,  Curanim  riibrica'tlin,  and  BegotM^anicita.  The  celll'^ 
of  these  plants  are  four  to  six  sided.  The  c^^^fek  are  strong  | 
resistant,  and  do  not  change  their 
mersed  in  solutions  of  other  substances. 
permeable  to  water  and  aqueous  solutions.  , 
on  the  inside  with  a  very  thin,  colorless  i 
with  the  colored  contents  of  the  cell,  ThiJ 
able,  allowing  water  to  pass,  but  holdiiii^ 
stance.  The  contents  of  the  cell  is  an  ^ 
potassium  and  calcium  malate,  oo1otl| 
osniotic  pressure  of  from  four  to  six  afl 

1  Ohem.  ye^rg.  63.  123  (]Si*i ) 
"  Ztachr.  phya.  Chem.  9.  41,"i 
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able  membrane  lining  the  cell-wall  distends  when  the  contents  of 
the  cell  increases  in  volume,  and  contracts  when  the  volume  of  the 
contents  diminishes. 

The  method  of  determining  the  relative  osmotic  pressure  of  the 
contents  of  the  cell  and  of  the  solution  in  which  it  is  placed  will  be 
readily  understood  from  the  foregoing  description  of  the  cell.  Thin 
tangential  sections  are  taken  from  the  middle  rib  on  the  under  side  of 
the  leaf  of  Tradeacantia '  containing  a,  few  hundred  living  cells.  This 
section  is  placed  under  the  microscope,  and  the  cells  surrounded  by 
the  solution  whose  osmotic  pressure  it  is  desired  to  compare  with 
that  of  the  contents  of  the  cells.  In  such  a  preparation,  all  of  the 
cells  have  the  same  osmotic  pressure,  since  any  differences  would 
have  equalized  themselves  in  the  plant.  It  is  then  only  necessary  to 
compare  the  osmotic  pressure  of  the  solution  with  that  of  any  one  of 
the  cells  present. 


When  the  cell  is  immersed  in  a  solution  having  the  same  osmotic 
pressure  as  the  contents  of  the  cell,  the  cell  has  the  normal  appear- 
ance as  shown  in  A  in  the  figure.  When  the  cell  is  immersed 
in  a  solution  having  a  smaller  osmotic  pressure  than  its  own  con- 
tents, it  will  also  have  the  appearance  of  A,  in  the  figure.  Water 
will  pass  from  the  solution  through  the  semi-permeable  membrane 
into  the  cell,  and  tend  to  distend  it.  But  the  resistant  cell-wall  will 
prevent  any  appreciable  distention,  and,  consequently,  the  cell  will 
appear  about  as  a  normal  cell.  If,  on  the  other  hand,  the  cell  is 
immersed  in  a  solution  having  greater  osmotic  pressure  than  its  own 
contents,  water  will  pass  from  the  cell  through  the  membrane  out 
into  the  solution.     The  cell  contents,  having  lost  water,  will  contract 

'  Cells  are  taken  from  other  places  in  difierent  plants. 
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as  shown  in  Band  C  in  the  figure;  the  semi-permeable  membrane  wiU       1 
also  contract  and  follow  the  cell  contents,  and  this  contraction  can 
readily  be  seen  since  the  cell  contents  are  colored.     By  starting  with 
a  solution  whose  osmotic  pressure  ia  greater  than  that  of  the  cell, 
shown  by  the  contracting  of  the  cell  contents  when  the  cell  is  sur- 
rounded by  the  solution,  and  continually  diluting  it,  noting  its  action 
on  the  cell  at  every  stage  of  dilution,  a  solution  is  finally  reached  in 
which  the  cell  will  just  preserve  its  normal  form.     The  solution  then 
has  the  same  osmotic  pressure  as  the  contents  of  the  cell.    The  solu- 
tion can  then  be  analyzed  and  its  strength  determined.    In  an  exactly 
similar  manner  solutions  of  other  substances  can  be  prepared,  each 
having  the  same  osmotic  pressure  as  the  contents  of  the  cell,  and 
these  solutions  analyzed  and  their  strengths  determined.     Since  each 
of  these  solutions  has  the  same  osmotic  pressure  as  the  contents  of 
the  cell,  they  have  the  same  osmotic  pressure.    This  method  can,  of 
course,  be  applied  only  to  those  substances  which  do  not  act  chemi- 
cally on  the  delicate  membranes  which  surround  such  plant  cells, 
This  method  has  been  caUed  by  De  Vries  the  jilasTnolytic.     He'  de^ 
termiued  the  concentrations  of  quite  a  large  number  of  substances 
which  were  isosmotio  with  the  cell  contents.     These  isosmotic  or 
isotonic  concentrations  were  expressed  in  gram-molecular  quantities, 
and  their  reciprocal  values  were  termed  the  isoloin'c  coefficients  of  the 
substances.      These  isotonic  coefficients  show  at  once  the  relative 
osmotic    pressures  of   solutions  of   equal   molecular   concentration.      * 
The  isotonic  coefficient  of  potassium  nitrate  ia  taken  as  3.     A  few 
of  De  Vries'  results  are  given  for  future  reference. 

..„.,„ 

FoXHiru 

IwTOBio  Coimcinrr 

Glycerol       

Invert  sugar 

Cane  HUgar 

Malic  acid 

Tnnsric  acid 

Citric  acid 

PoiaasiiuQ  nltraU        .... 
Sodium  cbloHde 

Calcium  chloride 

Magneaium  cliloride     .... 
Poiawittm  citrate 

C.HaO, 
C.H,sO, 
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C,H,n, 

C,H,0, 

C,U40, 

KNO, 

NCI 

C,H,0,K 

CaCl, 

MgCI. 

C,H(0,K 

1.78 

1.81        ^ 

1.88      ^^ 

1.08  ^m 

2.03       ^^H 
3.02       ^H 

3.05  ^m 

1  Zhrhr.  ,<hyx.  Ch>-m.  8,  427  (1S8S)  ;  3,  103  (1889).                    ^^M 
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An  examination  of  these  results  shows  certain  relations  which  we 
shall  learn  are  very  important.  The  neutral  organic  substances  and 
the  weak  organic  acids  have  isotonic  coefficients  which  are  about  con- 
stant, and  which  have  the  value  of  approximately  2.  The  salts 
have  much  higher  coefficients  —  ranging  from  3  to  5.  The  meaning 
of  these  facts  will  appear  in  due  time. 

Method  employing  Animal  Cells,  —  We  have  seen  above  how  vege- 
table cells  can  be  used  to  measure  relative  osmotic  pressures.  We 
can  use  certain  cells  of  animals  for  the  same  purpose.  Hamburger  * 
has  used  the  red  blood  corpuscles  of  the  deer  and  frog.  If  to  defibri- 
nated  deer's  blood  a  solution  of  potassium  nitrate,  1.04  per  cent,  is 
added,  the  red  blood  corpuscles  will  settle  completely  to  the  bottom 
and  will  be  covered  by  a  clear,  almost  colorless  liquid.  If  the  solu- 
tion of  potassium  nitrate  has  a  concentration  of  0.96  per  cent,  or  less, 
the  separation  into  the  two  layers  is  not  complete.  The  corpuscles 
do  not  settle  to  the  bottom  completely,  and,  consequently,  the  super- 
natant liquid  is  somewhat  colored  —  the  more  deeply  colored  the 
more  dilute  the  solution  of  potassium  nitrate  added.  By  proceeding 
carefully,  a  solution  of  potassium  niti*ate  can  be  found  in  which  the 
red  corpuscles  will  just  settle  to  the  bottom.  Similarly,  solutions  of 
other  substances  can  be  prepared  of  such  a  concentration  that  the 
red  blood  corpuscles  will  just  settle  and  leave  a  clear  liquid  above 
them.  Such  solutions  have  the  same  osmotic  pressure;  and  from 
these  data  it  is  evident  that  the  isotonic  coefficients  of  substances  can 
be  calculated,  as  from  the  results  obtained  by  De  Vries  using  vege- 
table cells.  Without  giving  the  results  of  Hamburger  in  detail,  it 
may  be  stated  that  the  isotonic  coefficients  which  he  found,  agree 
with  those  obtained  by  De  Vries  to  within  the  limits  of  error  of  the 
two  methods.  Reference  only  can  be  made  to  the  work  of  others,* 
in  which  red  blood  corpuscles  were  used. 

Method  in  which  Bacteria  are  tised,  —  We  have  seen  how  both 
vegetable  and  animal  cells  can  be  used  to  determine  relative  osmotic 
pressure.  We  shall  now  see  that  cells  which  are  neither  the  one 
nor  the  other,  or  perhaps  both,  can  also  be  used  in  this  connection. 
Wladimiroff  ^  has  used  certain  forms  of  bacteria,  such  as  Bacterium 
Zopfii,  Bacillua  suhtiliSy  Baxnllus  Typhi  abdominalis,  Spirillum 
rubrum,  etc.  The  movements  of  the  bacteria  were  found  to  be  very 
different  in  solutions  of  the  same  substance  of  different  concentra- 

1  Ztschr,  phys.  Chem,  8,  319  (1890). 

a  W.  Loeb :  Ibid.  14,  424  (1894).     H.  Koppe  :  Ibid.  18,  261  (1896).     S.  G. 
Hedin :  Ibid.  17,  164  ;  21,  272  (1895  and  1896). 
»  Ibid.  7,  629  (1891). 
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tions.  If  we  start  with  a  very  dilute  solution  aud  contiDually 
increase  its  sti'ength,  the  movements  of  the  hacteria  become  slower 
and  slower.  Solutions  of  different  Bubstances  were  prepared  of  such 
strengths  that  they  had  the  same  inQuence  on  a  given  kind  of  bac- 
teria, and  then  their  relative  concentrations  determined.  The  con- 
clusions reached  by  Wladimiroff  were,  that  although  certain  neuti-al 
salts  seem  to  have  a  poisonous  action  on  some  bacteria,  and  certain 
salts  could  enter  the  protoplasm  of  other  bacteria,  yet  most  of  the 
relations  investigated  between  salts  and  bacteria  agreed  with  the 
laws  of  osmosis  as  established  by  entirely  different  methods. 

Method  of  Tammatm. — It  still  remains  to  describe  a  method  which 
differs  fundamentally  from  the  three  just  considered.  In  these  three 
methods  the  semi-permeable  membrane  was  of  living  substance.  The 
semi-permeable  membrane  in  the  optical  method  is  an  inorganic  pre- 
cipitate and,  indeed,  the  same  precipitate  as  wa-s  used  by  Pfeffer  in 
preparing  his  porcelain  cells.  If  a  drop  of  a  solution  of  potassium 
ferrocyanide  is  allowed  to  fall  into  a  solution  of  copper  sulphate,  the 
drop  becomes  completely  surrounded  with  a  precipitate  of  copper 
ferrocyanide,  and  this  precipitate,  as  we  have  seen,  forms  the  very 
best  semi-perraeable  membrane.  We  would  have,  then,  a  drop  of  a 
solution  of  potassium  ferrocyanide  surroimded  by  a  semi-permeable 
membrane,  and  this  in  contact  with  a  solution  of  copper  sulphate. 
If  the  solution  of  potassium  ferrocyanide  is  more  dilute  thau  that  of 
copper  sulphate,  water  will  pass  out  into  the  copper  sulphate,  dilute 
it  just  around  the  drop,  and,  consequently,  produce  a  current  of  the 
more  dilute  solution  upward  from  the  drop.  If,  on  the  contrary,  the 
contents  of  the  drop  are  more  concentrated  than  the  solution  of 
copper  sulphate,  water  will  pass  from  the  copper  sulphate  through 
the  membrane  into  the  solution  of  potassium  ferrocyanide.  The 
solution  of  copper  sulphate  just  around  the  drop  will  thus  become 
more  concentrated,  and  because  of  its  greater  specific  gravity,  will 
sink  to  the  bottom.  It  is,  then,  only  necessary  to  observe  whether 
the  current  rises  or  falls  from  the  drop,  to  determine  the  relative 
concentrationsof  the  two  solutions.  In  these  observations  a  refrac- 
toniettr  is  used,  slight  currents  being  detected  by  the  different  refrac- 
tivities.  It  is,  of  course,  possible  to  prepare  the  two  solutions  of  such 
concentrations  that  water  will  pass  neither  the  one  way  nor  the 
other.  The  two  solutions  would  then  have  the  same  osmotic  pressure. 
It  is  thus  quite  possible  to  prepare  solutions  of  ferroryanides  which 
are  isosmotic  with  copper  and  zinc  salts.     The  work  of  Tammanu,' 


1  Wied.  Ann,  34,  21)9  f ' 
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who  devised  this  method,  was  limited  to  these  substances.  It 
has,  however,  been  extended  more  recently  to  a  third  substance 
added  to  the  other  two,  provided  the  third  substance  does  not  act 
chemically  upon  either  of  the  others.  This  method  is  obviously  sub- 
ject to  narrower  limitations  than  any  of  those  previously  considered; 
the  methods  involving  the  use  of  living  membranes  being  applicable 
to  all  substances  which  do  not  act  upon  the  cells  and  destroy  them. 

A  careful  study  of  the  best  methods  available  for  measuring 
osmotic  pressure  will  undoubtedly  leave  the  impression  that  this  is 
a  quantity  with  which  it  is  difficult  to  deal  experimentally.  While 
it  is  possible  to  prepare  good  cells  according  to  the  method  worked 
out  by  Pfeffer,  yet  much  time  and  experience  are  necessary  to  secure 
fair  results.  And  further,  the  best  that  has  been  accomplished  up 
to  the  present  is  to  measure  the  osmotic  pressure  of  comparatively 
dilute  solutions.  Pfeffer's  work  was  limited  to  a  six  per  cent  solu- 
tion of  cane  sugar,  —  less  than  one-fifth  normal,  —  and  no  one  has 
since  been  able  to  work  at  greater  concentrations.  To  determine  the 
absolute  osmotic  pressure  of  more  concentrated  solutions,  it  is  evi- 
dent that  some  indirect  method  must  be  applied,  since  thus  far  it 
has  been  scarcely  possible  to  prepare  membranes  which  shall  be  able 
to  withstand,  without  rupture,  a  pressure  of  many  atmospheres.  It 
should  be  stated  again  that  the  method  of  Morse,  already  described, 
promises  much  in  this  direction. 

Relations  have,  however,  been  established  between  the  osmotic 
pressure  of  solutions  and  certain  other  properties  which  can  be  readily 
dealt  with  experimentally.  As  we  shall  see,  by  measuring  certain 
other  quantities  we  can  easily  calculate  the  osmotic  pressure  of  solu- 
tions which  are  far  too  concentrated,  and  whose  osmotic  pressures 
are  far  too  great  to  measure  directly.  These  matters  will  be  further 
discussed  in  the  proper  places. 

RELATIONS  BETWEEN  OSMOTIC  PRESSURE  AND  GAS- 
PRESSURE 

Pfeffer  carried  out  the  measurements  already  referred  to,  and 
doubtless  saw  their  physiological  significance,  but  he  did  not  point 
out  any  relations  between  osmotic  pressure  and  gas-pressure.  This, 
like  so  many  other  brilliant  discoveries,  was  reserved  for  Van't  Hoff. 
In  his  epoch-making  paper,*  which  has  contributed  more  toward  the 
development  of  the  new  physical  chemistry  than  any  other  one 

*  Ztschr.  phys.  Chem.  1,  481  (1887).     Scientific  Memoirs  Series,  IV,  p.  13. 
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ai'ticle,  lie  points  out  a  iiumbei'  of  surprisingly  simple  relations,  and 
BUine  of  these  will  now  I*  taken  up. 

Boyle's  Law  for  Otmotio  Pressure.  —  The  law  of  Boyle  for  gases 
states  that  the  pressure  uf  a  gas  varies  directly  as  the  concentration 
of  the  gaa.  We  have  seen  from  Pfeffer's  results,  that  the  osmotic 
pressure  of  a  solution  varies  directly  with  the  concentratiou.  This 
is  shown  by  the  fact  that  —  is  a  constant,  to  within  the  limits  of 
experimental  error.  This  relation  for  the  osmotic  pressure  of  solu- 
tions certainly  suggests  the  relation  for  gases  expressed  by  tlie  law 
of  Boyle. 

Van't  Hoff  also  points  out  that  the  work  of  De  Vries  leads  to  the 
same  conclusion.  De  Vries  took  solutions  of  potassium  nitrate, 
potassiiuu  sulphate,  and  cane  sugar,  and  determined  the  concentra- 
tions which  were  isosniotic  or  isotonic  with  the  contents  of  a  given 
cell,  He  then  used  cells  of  other  plants  and  determined  the  isos- 
motic  concentrations  of  these  substances.  Four  such  isotonic  series 
were  worked  out.  The  results  are  given  below,  the  concentrations 
being  expressed  in  gram-molecules  per  litre,  the  unit  beiug  potas- 
sium nitrate. 


nd         ^ 
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The  relation  between  the  concentrations  which  have  the  same 
osmotic  pressure  is  constant,  independent  of  the  actual  value  of  the 
concentrations.  This  is  but  another  expression  of  the  law  of  Boyle 
as  applied  to  the  o.smotic  pressui'e  of  solutions. 

Oaf-Lussae's  Law  for  Osmotic  Presisre.  —  According  to  the  lav 
of  Gay-Lussac  the  pressure  of  a  gas  increases  with  the  temperature, 
at  the  rate  of  yfj  for  every  rise  of  one  degree  centigrade.  Pfeffer's 
results  show  that  the  osmotic  pressure  of  a  solution  increases  with 
rise  in  temperature,  and  the  rate  of  increase  is  very  nearly  jij  for 
every  degree,  Pfeffer  did  not  make  an  extensive  study  of  the  tem- 
perature coefBcient  of  osmotic  pressure,  but  as  far  as  his  results  go 
they  lead  to  the  conclusion  stated  above.  If  we  examine  the  effect 
of  temperature  on  osmotic  pressure,  as  shown  on  page  186,  we  shall 
see  Uiat  this  conclusion  is,  in  general,  confirmed. 
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If  the  law  of  Gay-Lussaxj  applies  to  the  osmotic  pressure  of 
solutions,  then  solutions  which  are  isosmotic  at  one  temperature 
must  remain  isosmotic  at  other  temperatures,  since  they  would  have 
the  same  temperature  coefficient  of  osmotic  pressure.  This  has  been 
tested  by  the  methods  for  determining  relative  osmotic  pressures. 
Hamburger,  using  the  method  already  referred  to  as  involving  red 
blood  corpuscles,  found  that  solutions  of  potassium  nitrate,  sodium 
chloride,  and  cane  sugar,  which  were  isosmotic  at  0**,  were  also  isos- 
motic at  34**. 

There  is,  however,  a  still  more  striking  experimental  verification 
of  the  applicability  of  the  law  of  Gay-Lussac  to  solutions.  If  a  tube 
is  filled  with  a  gas  and  all  parts  of  the  tube  kept  at  the  same  temper- 
ature, the  concentration  of  the  gas  will  be  the  same  in  every  part 
of  the  tube.  If,  on  the  other  hand,  one  portion  of  the  tube  is  kept 
warmer  than  the  others,  the  gas  will  so  distribute  itself  through- 
out the  tube  that  the  pressure  will  remain  the  same  in  all 
parts  of  the  tube.  Since  the  pressure  of  a  gas  increases  with  the 
temperature,  each  particle  will  exert  a  greater  pressure  in  the  warmer 
region,  and,  consequently,  there  will  be  fewer  particles  required  in 
the  warmer  portion  of  the  tube  to  exert  the  same  pressure  as  exists 
in  the  colder  portion.  In  a  word,  the  gas  would  tend  to  become 
more  concentrated  in  the  colder  portion,  and  more  dilute  in  the 
warmer  portion  of  the  tube.^ 

If  the  osmotic  pressure  of  solutions  obeys  the  laws  of  gas-press- 
ure, a  phenomenon  similar  to  the  above  should  be  observed  with 
solutions,  and  such  is  the  fact.  If  the  two  parts  of  a  perfectly  homo- 
geneous solution  are  kept  at  different  temperatures  for  any  consider- 
able length  of  time,  the  solution  becomes  more  concentrated  in  the 
region  which  is  colder.  This  has  come  to  be  known  from  its  discov- 
erer as  the  principle  of  Soret}  This  principle  is  of  the  very  greatest 
importance  in  testing  the  law  of  Gay-Lussac  for  osmotic  pressure. 
If  this  law  holds,  then  the  colder  portion  of  the  solution  should 
become  more  concentrated  by  yf^  for  every  difference  of  one  degree 
in  temperature.  This  could  be  easily  tested  by  experiment.  The 
experiments  were  carried  out  by  Soret  by  placing  the  solutions  in 
vertical  tubes,  in  such  a  manner  that  the  upper  portions  of  the  tubes 
were  warmed  to  a  constant  temperature,  and  the  lower  portions  cooled 
to  a  constant  temperature.     The  earlier  experiments  of  Soret  gave  a 

^  It  should,  of  course,  be  remembered  that  the  condition  described  for  a  gas 
is  somewhat  ideal.  The  gas  particles,  due  to  their  rapid  movement,  would  mix, 
but  the  principle  which  it  is  desired  to  illustrate  holds  good. 

2  Ann.  Chim,  Phys.  [6],  22,  293  (1881). 
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difference  in  concentration  which  was  not  quite  aa  great  as  that 
cal'iuJated  from  the  law  of  Gay-Lussac.  His  later  experinieuts,  in 
which  the  solutions  were  allowed  to  stand  at  constant  temperatures 
for  a  longer  time,  gave  differences  «hich,  while  a  little  too  low,  yet 
accorded  very  nearly  with  the  theory.  A  slight  difference  between 
calculated  and  experimental  values  creates  no  surprise  when  we  con- 
sider that  the  solutions  must  stand  for  months  at  the  constant  tem- 
peratures in  order  that  equilibrium  may  be  reached,  aud^some  mixing 
of  the  parts  due  to  agitation  or  jarriug  is,  therefore,  unavoidable. 
The  agreement  is,  however,  so  close  that  it  is  now  quite  certain  that 
the  principle  of  Soret  furnishes  the  best  proof  of  the  applicability  of 
the  law  of  Gay-Lussac  to  the  osmotic  pressure  of  solutions. 

Avogadro't  Law  applied  to  the  Osmotic  Pressure  of  Solutioni.  — 
The  applicability  of  the  laws  of  Boyle  and  Gay-Lussac  to  the  osmotic 
pressure  of  solutions,  shows  that  this  quantity  is  analogous  to  gas- 
pressure.  It,  however,  leaves  the  question  as  to  the  relative  magni- 
tudes of  the  two  pressures  entirely  unanswered.  The  one  might  be 
very  large  and  the  other  very  small,  and  still  the  two  laws  which  we 
have  just  considered  apply  to  both.  We  now  come  to  the  question, 
is  there  any  close  relation  between  the  magnitudes  of  the  two  press- 
ures exerted  under  comparable  conditions? 

The  law  of  Avogadro,  applied  to  gases,  states  that  in  equal 
volumes  of  all  gases  at  the  same  temperature  and  pressure,  there 
are  the  same  number  of  ultimate  parts.  If  the  law  of  Avogadro 
applied  to  solutions  it  would  be  stated  thus,  in  equal  volumes  of 
solutions  which,  at  the  same  temperature  have  the  same  osmotic  press- 
ure, there  are  contained  the  same  number  of  dissolved  particles.  The 
simplest  way  in  which  this  law  can  be  tested  for  solutions  is  to  see 
what  relation  exists  between  the  gas-pressure  of  a  gas  particle  and 
the  osmotic  pressure  of  a  dissolved  particle  under  the  same  conditions 
of  temperature  and  concentration.  Let  us  compare  the  gas-pressure 
of  hydrogen  gas  and  the  osmotic  pressure  of  cane  sugar  in  water. 
Given  a  one  per  cent  solution  of  cane  sugar;  such  a  solution  would 
contain  one  gram  of  sugar  in  100.6  cc.  of  water,  and  the  osmotic 
pressure  of  such  a  solution  can  be  calculated  from  Pfeffer's  results. 
Hydrogen  gas,  having  the  same  number  of  parts  in  a  given  volume, 
would  have  the  following  pressure :  The  molecular  weight  of  cane 
sugar  is  342,  that  of  hydrogen  2.  The  hydrc^n  gas  must,  therefore, 
contain  jfj  grams  in  100,6  cm.,  which  is  the  same  as  0.0581  grams 
I>er  litre.  Hydrogen  gas  at  0°,  and  at  a  i)ressure  of  one  atmosphere, 
weighs  per  litre  0.08995  grams  ;  the  above  concentration  of  hydrogen 


will,  therefore,  exert  a  gaa-pressure  of 


0,0.'.S1 
0.08995  " 


=  0.646  atmos- 
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It  is  now  only  necessary  to  compare  the  osmotic  pressure  exerted 
by  the  cane  sugar  with  this  gas-pressure,  to  see  if  any  simple  rela- 
tions exist  between  the  two.  The  following  table  of  results  is  taken 
from  the  paper  by  Van't  Hoff :  ^  — 


TBMPKKATirRB 

Ohmotio  Psbbsukb  of 
Canb  Suoab 

Gab-pbxssitbb  or 
liYDBooEir  Gar 

6<».8 

13°.7 
16°.6 
36°.0 

0.664 
0.691 
0.684 
0.746 

0.666 
0.681 
0.686 
0.736 

The  remarkable  fact  is  established  by  these  results  that  the 
osmotic  pressure  of  a  soltUion  of  cane  sugar  is  exactly  equal  to  the 
gas-pressure  of  a  gas  having  the  same  number  of  parts  in  a  given 
volume,  temperature  being  the  same  in  both  cases.  Under  the  same 
conditions,  then,  a  dissolved  particle  exerts  the  same  osmotic  press- 
ure as  a  gas  particle  exerts  gas-pressure. 

CaoBes  of  Oas-pressure  and  of  Osmotic  PresBure.  —  That  there 
should  be  an  equality  between  these  two  pressures  is  very  surpris- 
ing, if  we  consider  the  great  difference  between  the  phenomena  with 
which  we  are  dealing.  Gas-pressure  is  explained  in  terms  of  the 
kinetic  theory  of  gases,  as  due  to  the  particles  of  gas  bombarding 
against  the  walls  of  the  confining  vessel.  It  should  be  stated  that 
we  do  not  know  what  is  the  cause  of  osmotic  pressure.  A  great 
number  of  explanations  and  theories  have  been  offered  to  account 
for  osmotic  pressure,  but  in  the  opinion  of  the  writer  no  one  of  them 
is  at  aU  satisfactory.  Some  have  attempted  to  account  for  osmotic 
pressure  by  the  attraction  of  water  by  the  dissolved  substance,  but 
this  is  only  a  renaming  of  the  phenomenon,  and  in  no  sense  an 
explanation  of  it.  Others  have  suggested  that  water  passes  through 
the  semi-permeable  membrane  from  the  more  dilute  to  the  more  con- 
centrated solution,  because  of  the  screening  action  of  the  dissolved 
particles.  These  cannot  pass  through  the  membrane,  and,  therefore, 
screen  it  from  the  blows  of  the  solvent.  Since  the  greater  screening 
influence  is  exerted  on  the  side  containing  the  larger  number  of  dis- 
solved particles,  we  have  the  flow  of  the  solvent  from  the  more 
dilute  to  the  more  concentrated  solution.  A  careful  analysis  of  this 
explanation  shows  that  it  is  not  sufficient.  The  screening  influence 
of  the  dissolved  particles  would  be  just  as  great  below,  keeping  the 


1  Zlschr.phys.  Chem,  1,  493  (1887). 
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water  which  has  passed  through  the  membrane  from  rising,  as  it  is 
above,  ainae  the  membrane  is  quite  permeable  to  water.  It  is,  there- 
fore, fairest  to  say  that  we  hav^  at  present  no  satisfactory  theory  to 
account  for  that  phenomenon  known  as  osmotic  pressure. 

Exceptions  to  the  Applicability  of  the  (Hi  Laws  to  Osmotic  Press- 
ure. ~  We  have  just  seen  that  the  three  heat  known  laws  of  ga»- 
pressure  apply  to  the  osmotic  pressure  of  solutions  of  substances 
like  cane  sugar.  We  might  conclude  from  this  that  the  laws  of  gas- 
pressure  always  apply  to  the  osmotic  pressure  of  solutions  of  all 
substances.  Such  is  not  the  case.  Van't  Hoff'  pointed  out  that 
there  are  not  only  exceptions  to  this  generalization,  but  a  great  many 
exceptions.  Indeed,  the  substances  which  present  exceptions  are 
quite  as  numerous  as  those  which  conform  to  the  rule.  The  osmotic 
pressure  of  most  salts,  of  all  the  strong  acids,  and  all  the  stron^f 
bases,  is  much  greater  for  all  concentrations  than  would  he  expected 
froin  the  osmotic  pressure  of  solutions  of  substancea  like  cane  sugar 
for  the  same  concentrations.  The  osmotic  pressures  of  these  three 
classes  of  substances  are  always  greater  than  would  be  expected  from 
the  laws  of  gas-preasure  applied  to  the  osmotic  pressure  of  solutions. 

The  geneiTil  expression  for  the  laws  of  Boyle  and  Gay-Lussac  is, 
as  we  have  seen  (page  45)  — 

pv=nT. 

This  applies  directly  to  the  osmotic  pressure  of  solutions  of  sub- 
stances like  cane  sugar.  But  in  order  that  it  may  apply  to  solutions 
of  salts,  acids,  and  base-s,  a  coefficient  must  he  introduced,  which, 
for  these  substances,  is  always  greater  than  unity.  This  coefficient 
was  called  by  Vau't  Hoff  i,  and  it  has  come  to  be  known  as  the  Van't 
Hoff  (. 

The  above  expression  when  applied  to  acids,  bases,  and  salts 
becomes —  pv=iET. 

While  these  exceptions  were  clearly  recognized  by  Van't  Hoff,  he 
was  unable  to  explain  them,  or  to  offer  any  satisfactory  theory  to 
account  for  them. 

In  this  case,  as  in  so  many  others,  the  exceptions  are  as  interesting 
and  important  as  the  cases  which  conform  to  rule.  We  shall  see 
that  these  exceptions  led  to  a  theory  which  is  one  of  the  most  im- 
portant in  modern  chemical  science,  and  which,  together  with  the 
relations  between  gas-pressnre  and  osmotic  pressure  just  considered, 
constitutes  the  corner-stone  of  modern  physical  chemistry. 

'  ZUehr.  phya.  Cliem.  1,  501  (1887). 
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The  paper  which  we  have  just  considered  is  of  such  fundamental 
importance  that  it  is  difficult  to  lay  too  much  stress  upon  it.  As  the 
subject  develops  we  shall  see  its  bearing  at  every  turn,  and  shall 
learn  to  regard  it  as,  indeed,  epoch-making  in  the  highest  sense,  — 
as  a  monumental  contribution  to  science  in  the  last  part' of  the 
nineteenth  century. 

It  is  always  of  interest  to  follow  the  line  of  thought  which  leads 
to  any  great  discovery.  The  steps  by  which  Van't  Hoff  was  brought 
in  contact  with  the  work  of  Pfeffer  on  osmotic  pressure,  and  was  led 
to  the  study  of  dilute  solutions  from  this  standpoint,  were  developed 
in  full  by  Van't  Hoff  in  a  lecture  before  the  German  Chemical 
Society  in  1894,  and  which  appeared  in  the  Berichte,  Vol.  27,  6.  A 
brief  account  of  this  lecture  was  given  by  the  present  writer  in  his 
Theory  of  Electrolytic  Dissociation^  p.  77. 

ORIGIN  OF  THE  THEORY  OF  ELECTROLYTIC  DISSOCIATION 

The  Problem  as  it  was  left  by  Van't  Hoff.  —  Yan^t  Hoff  saw 
clearly,  as  we  have  stated,  that  a  large  class  of  compounds  shows  an 
osmotic  pressure  which  conforms  to  the  gas  laws,  and  yet  a  very 
large  class  gives  an  osmotic  pressure  which  is  always  too  great. 
Van't  HofPs  own  words  in  this  connection  will  be  given : ^  "If  we 
are  still  considering  '  ideal  solutions,'  a  class  of  phenomena  must  be 
dealt  with  which,  from  the  now  clearly  demonstrated  analogy  be- 
tween solutions  and  gases,  are  to  be  classed  with  the  earlier  so-called 
deviations  from  Avogadro's  law.  As  the  pressure  of  the  vapor  of 
ammonium  chloride,  for  example,  was  too  great  in  terms  of  this  law, 
so,  also,  in  a  large  number  of  cases,  the  osmotic  pressure  is  abnor- 
mally large,  and  in  the  first  case,  as  was  afterwards  shown,  there  is  a 
breaking  down*  into  hydrochloric  acid  and  ammonia,  so  also  with 
solutions  we  would  naturally  conjecture  that  in  such  cases  a  similar 
decomposition  had  taken  place.  Yet  it  must  be  conceded  that 
anomalies  of  this  kind  existing  in  solutions  are  much  more  numer- 
ous, and  appear  with  substances  which  it  is  difficult  to  assume  break 
down  in  the  usual  way.  Examples  in  aqueous  solutions  are  most  of 
the  salts,  the  strong  acids,  and  the  strong  bases.  ...  It  may  then 
have  appeared  daring  to  give  Avogadro's  law  for  solutions  such  a 
prominent  place,  and  I  should  not  have  done  so  had  not  Arrhenius 
pointed  out  to  me,  by  letter,  the  probability  that  salts  and  analogous 
substances  when  in  solution  break  down  into  ions." 

1  Ztschr,  phys.  Chem,  1,  600  (1887).  Scientific  Memoes  Series,  IV,  34. 
Edited  by  Ames  (Amer.  Book  Co.). 
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The  last  sentence  furnishes  the  coaaecting  link  between  the  gea- 
eralization  reached  by  Van't  Hoff  and  the  (liscovery  of  the  theory 
of  electrolytic  dissociation.  The  latter  we  owe  to  the  Swedish 
physiciat  Arrhenius,  to  whose  work  we  shall  now  turn. 

Work  of  Airhenias.  —  A  paper  bearing  the  title  On  the  Dissocia- 
tion of  Substances  Dissolved  in  Water  appeared  in  the  same  volume 
of  the  Zeitschrifl  Jur  pliysikalische  C/iemie'  as  the  paper  by  Van't 
Hoff,  which  we  have  jnat  considered.  Arrhenius  was  impressed  by 
thf  generalizations  reached  by  Van't  HofE  connecting  gas-pressure 
and  osmotic  pressure,  and  especially  by  the  large  number  of  excep- 
tions to  these  generalizations.  Referring  to  the  equality  of  gaa- 
pressure  and  osmotic  pressure  under  the  same  conditions,  Arrhenius 
says :  *  "  Van't  Hoff  has  proved  this  law  in  a  manner  which  scarcely 
leaves  any  doubt  as  to  its  absolute  correctness.  But  a  difficulty 
which  still  remains  to  be  overcome  is  that  the  law  in  question  holds 
only  for  '  moat  substances,'  a  very  considerable  number  of  the  aque- 
ous solutions  investigated  furnishing  exceptions,  and  in  the  sense 
that  they  exert  a  much  greater  osmotic  pressure  than  would  be 
required  from  the  law  referred  to," 

Arrhenius  stated  the  problem  in  the  above  words.  We  will  now 
follow  the  line  of  thought  which  led  him  to  its  solution.' 

"  If  a  gas  shows  such  a  deviation  from  the  law  of  Avogadro,  it 
is  explained  by  assuming  that  the  gas  is  in  a  state  of  dissociatiou. 
The  conduct  of  chlorine,  bromine,  and  iodine,  at  higher  tempera- 
tures, is  a  very  well-known  example.  We  regard  these  substances 
under  such  conditions  as  broken  down  into  simple  atoms. 

"  The  same  expedient  may,  of  course,  be  made  use  of  to  explain 
the  exceptions  to  Van't  Hoff's  law ;  but  it  has  not  been  put  forward 
up  to  the  present,  probably  on  account  of  the  newness  of  the  subject 
and  the  many  exceptions  known,  and  the  vigorous  olijections  which 
would  be  raised  from  the  chemical  side  to  such  an  explanation." 

Arrhenius  then  puts  forward  the  assrimption  of  the  dissociation 
of  certain  substances  dissolved  in  water  to  explain  the  exceptions 
to  Van't  HofFs  generalization.  Osmotic  pressure  is,  as  we  have 
seen,  proportional  to  the  concentration  of  the  solution.  This  is 
the  same  as  to  say  that  osmotic  pressure  is  proportional  to  the 
nmalter  of  dissolved  particles.  If  a  substance  exerts  an  abnormally 
great  osmotic  pressure,  there  must  be  more  parts  present  in  the 
solution  than  we  would  expect  from  the  concentration.     But  acids. 


1  Zlsr.hr.  phys.  Chem.  1,  031  (18&1).    ScieiiUflc  Memoirs  Series,  TV, 
*  Scientific  Memoirs  Series,  IV,  iT-4S.    Edited  by  Ames  (Amer,  Book 
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bases,  and  salts,  represented  by  hydrochloric  acid,  potassium  hydrox- 
ide, and  potassium  chloride,  are  the  substances  which  show  the  ab- 
normally great  osmotic  pressure.  How  is  it  possible  to  conceive  of 
substances  such  as  these  breaking  down  into  any  larger  number  of 
parts  than  would  correspond  to  their  molecules  ? 

This  is  the  problem  which  must  be  solved,  and  Arrhenius  has 
solved  it,  as  we  believe,  satisfactorily.  He  went  back  to  the  theory 
proposed  by  Clausius  to  account  for  the  facts  which  were  known 
in  connection  with  the  phenomenon  of  electrolysis.  The  theory  of 
Clausius  will  be  developed  later  at  some  length.  Suffice  it  to  say 
here  that  it  was  found  that  an  infinitely  weak  current  will  decom- 
pose water  to  which  a  little  acid  is  added,  liberating  hydrogen  at 
one  pole  and  oxygen  at  the  other.  If  the  aqueous  solution  of  the 
acid  contained  only  molecules,,  in  order  that  we  might  have  elec- 
trolysis the  current  must  be  capable  of  decomposing  the  molecules. 
The  fact  is  that  a  current  far  too  weak  to  decompose  a  molecule  of 
water  will  effect  electrolysis.  Therefore,  some  of  the  molecules 
present  in  the  solution,  either  those  of  the  water  or  of  the  acid, 
must  be  already  broken  down  before  the  current  is  passed.  Clausius 
did  not  claim  that  the  molecules  are  broken  down  into  their  constitu- 
ent atoms.  Such  a  theory  would  be  absurd.  His  theory  was  that 
the  molecules  are  broken  down  into  parts,  which  he  called  tons,  and 
each  ion  is  charged  with  electricity,  either  positively  or  negatively. 
An  ion  may  be  a  charged  atom  or  a  charged  group  of  atoms. 

The  theory,  that  molecules  are  broken  down  into  ions  by  a  solv- 
ent like  water  was  proposed,  then,  by  Clausius  in  1856. 

A  similar  theory  was  advanced  by  the  chemist  Williamson  in 
1851,  as  the  result  of  his  work  on  the  synthesis  of  ordinary  ether 
from  alcohol  and  sulphuric  acid.  This,  also,  will  be  considered  in 
detail  in  the  proper  place.  The  theory  of  Clausius  differed  from 
that  of  Williamson,  in  that  the  former  assumed  that  there  are  only 
a  few  molecules  broken  down  into  ions,  while  Williamson  thought 
that  most  of  the  molecules  present  are  in  a  state  of  decomposition. 
It  should  be  observed  that  both  of  these  theories  are  purely  qualita- 
tive suggestions.  The  one  thought  that  only  a  few  molecules  in 
solution  are  broken  down  into  ions,  the  other,  that  we  have  to  do 
mainly  with  ions ;  but  neither  suggested  any  method  by  which  we 
could  determine  the  actual  amount  of  the  dissociation  in  any  case. 

The  new  feature  which  was  introduced  by  Arrhenius  was  to 
point  out  a  method  for  determining  just  what  per  cent  of  the  mole- 
cules is  broken  down  into  ions.  He  thus  converted  a  purely  qualita- 
tive suggestion  into  a  quantitative  theory,  which  could  be  tested 
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experimentally.  The  iiietliwla  for  measuring  the  amount  of  dis- 
sociation in  Holution,  which  wei-e  worked  out  by  Arrhenius,  will 
be  considered  in  the  proper  places.  It  would  be  premature  to  dis- 
cuss them  here,  since  they  fall  naturally  in  line  in  the  subsequent 
chapters. 

The  Theory  of  Electrolytic  Diuoci&tion. — The  theory  of  electro- 
lytic dissociation,  as  we  have  it  to-day,  states  that  when  acids,  bases, 
and  salts  are  dissolved  in  water,  they  break  down  or  dissociate  into 


Examples  of  the  three  classes  are  the  following ;  • 
HCl  =  H  +  Ci, 
KOH  =  K  -I-  OH, 

KCl  =  K  -f-  ci. 


Each  compound  dissociates  in^io  a  positively  charged  part  callj 
a  rMion,  and  a  negatively  charged  part  an  anion.  These  ions  may 
be  charged  atoms  as  the  above  cations,  or  groups  of  atoms  as  the 
anion  OH.  The  cations  are  usually  simple  atoms  charged  with  posi- 
tive electricity.  The  cation  of  all  acids  is  hydrogen;  the  nature  of 
the  anion  varies  with  the  nature  of  the  acid.  It  may  be  chlorine, 
bromine,  the  NO,  group,  SO,,  etc.  The  anion  of  bases  is  the  group 
(OH) ;  the  cation  varies  with  the  nature  of  the  base.  It  may  be 
potassium,  barium,  ammonium,  etc.  The  anions  and  cations  of  salts 
both  vary  with  the  nahire  of  the  salt.  They  depend  iipon  the  nature 
of  the  acid  and  the  base  which  have  combined  to  form  the  salt. 

It  was  stated  that  hydrogen  is  the  cation  into  which  all  acids 
dissociate.  It  may  be  added  that  this  is  the  characteristic  ion  of  alt 
acids,  and  whenever  it  is  present  we  have  acid  properties.  Further, 
we  never  have  acid  properties  unless  there  are  hydrogen  ions  present. 
The  same  may  be  said  of  the  hydroxyl  ions  into  which  bases  dis- 
sociate.    This  is  the  characteristic  ion  of  bases. 

The  evidence  bearing  upon  the  theory  of  electrolytic  dissociation, 
and  the  objections  which  have  been  urged  to  it,  will  be  presented  as 
the  subject  develops.  One  misconception  which  has  arisen  so  often 
must,  however,  be  anticipated  in  advance. 

It  has  been  repeatedly  urged  that  the  theory  claims  that  a  com- 
pound like  potassium  chloride  dissociates  into  potassium  and  chlo- 
rine, and  since  neither  potassium  nor  chlorine  can  remain  in  the 
presence  of  water  under  ordinary  conditions  without  acting  upon  it, 
the  theory  is  self -evidently  wrong.  This  objection,  like  so  many 
others,  is  bused  upon  an  tiuperfect  understanding  of  the  theory.    Ho 
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one  has  ever  claimed  that  a  compound  like  potassium  chloride  dis- 
sociates in  the  presence  of  water  yielding  atomic  or  molecular  potas- 
sium, having  the  properties  of  ordinary  potassium.  The  products 
of  dissociation  are  a  potassium  ion  and  a  chlorine  ion,  and  the 
potassium  ion  is  a  potassium  atom  charged  with  a  unit  of  positive 
electricity.  There  is  no  reason  whatever  for  supposing  any  close 
agreement  between  the  general  properties  of  a  potassium  atom  and 
those  of  a  potassium  atom  charged  with  electricity.  About  the  only 
property  which  we  would  expect  to  remain  unchanged  is  that  of 
mass,  and  the  mass  of  an  atom  is  not  changed  by  charging  it. 
The  properties  of  atoms  are  doubtless  very  closely  connected  with 
the  energy  relations  which  obtain  in  or  upon  the  atom.  When  we 
change  these  as  fundamentally  as  by  adding  an  electrical  charge,  we 
would  expect  fundamental  changes  in  properties;  and  such  are  the 
facts.  It  can  be  safely  stated  that  whatever  may  be  the  ultimate 
fate  of  the  theory  of  electrolytic  dissociation,  it  will  never  suffer 
seriously  from  any  such  objection  as  that  just  referred  to. 

LOWERING   OF    THE    FREEZING-POINTS   OF    SOLVENTS   BY 

DISSOLVED  SUBSTANCES 

Blagden;  Btdolph;  Coppet  —  It  was  early  known  that  a  dissolved 
substance  lowers  the  freezing-point  of  the  solvent  in  which  it  is 
dissolved.  The  best  illustration  which  we  have  of  this  fact  in 
nature  is  the  sea.  Salt  water  freezes  lower  than  pure  water.  Here, 
as  in  so  many  other  cases,  qualitative  observation  preceded  quantita- 
tive measurement  by  a  long  time.  Near  the  close  of  the  last  century 
certain  relations  were  discovered  between  the  quantity  of  dissolved 
substance  and  the  amount  by  which  the  freezing-point  of  water  was 
lowered.  It  was  pointed  out  by  Blagden*  that  the  freezing-point 
lowering  is  proportional  to  the  amount  of  dissolved  substance,  and 
this  has  come  to  be  known  as  the  Law  of  Blagden.  This  law,  as  we 
know  to-day,  is  by  no  means  general.  In  some  cases  it  holds  approx- 
imately, while  in  many  cases  the  lowering  increases  more  slowly 
than  the  amount  of  substance  as  the  concentration  of  the  solution 
increases.  As  a  first  attempt  at  a  generalization  in  this  field  the  law 
of  Blagden  is  important. 

The  same  relation  was  discovered  much  later  by  Rudolph,'  who 
was  not  aware  of  the  work  which  had  been  done  by  Blagden. 

I  Phil.  Trans.  78,  277  (1788). 

«  Pogg.  Ann.  114,  63  (1861)  ;  116,  66  (1862). 
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Ad  important  advance  was  made  in  the  study  of  the  freezing- 
point  lowering  of  solvents  by  dissolved  substances  by  Coppet.' 
Instead  of  working  with  percentage  concentrations  he  used  quanti- 
ties of  dilTereut  substances  whii'.h  were  comparable.  He  used  molec- 
ular quantities  of  substances,  and  expressed  his  concentrations  in 
terms  of  gram-molecules  of  the  substance  in  a  given  quantity  of  the 
solvent.  He  expressed  the  freezing-point  lowerings  in  terms  of  gram- 
molecular  concentrations,  and  used  the  term  which  has  since  come 
so  much  to  the  front  —  molecular  lowering  of  the  freezing-point. 
Coppet  carried  out  fairly  extensive  investigations,  and  pointed  out  a 
number  of  relations  such  as  the  approximate  equality  of  the  molecular 
lowering  produced  by  analogous  substances.  His  method,  of  course, 
did  not  compare  in  accuracy  with  that  used  in  subseijuent  work,  and, 
therefore,  his  results  will  not  be  considered  in  any  detail. 

Work  of  Raonlt.  —  The  work  of  Kaoutt  *  on  the  lowering  of  the 
freezing-point  is  really  epoch-making  in  this  field,  and  has  furnished 
the  incentive  for  miich  of  the  best  work  which  lias  been  subsequently 
done.  He  used  a  number  of  solvents  and  studied  the  lowering  of 
their  freezing-points  produced  by  a  number  of  different  kinds  of 
chemical  substauces.  lu  working  with  aqueous  solutions  he  used 
not  only  acids,  bases,  and  salts,  but  also  a  large  number  of  organic 
compounds.  By  thus  widely  extending  the  field  of  cryoscopic 
measurements  he  was  able  to  point  out  a  number  of  relations  which 
had  hitherto  been  undiscovered. 

A  few  of  the  many  results  obtained  by  Raoult  will  be  given,  and 
then  some  of  his  conclusions  from  Iiis  investigations. 

He  represents  by  A  the  lowering  of  the  freezing-point  produced 
by  one  gram  of  substance  in  one  hiuidred  grams  of  the  solvent,  and 
by  M  the  molecular  weight  of  the  compound.  The  molecule  lower- 
ing, T,  =  MA. 

"  I  have  found  that  if  the  solutions  are  dilute  ...  all  the  organic 
substances  in  aqueous  solution  produced  a  molecular  lowering  which 
is  nearly  constant  .  .  ,  and  I  have  shown '  what  use  could  be  made 
of  this  fact  for  determining  the  molecular  weights  of  organic  com- 
pounds soluble  in  water.  I  will  now  show  that  analogous  results 
are  obtained  with  all  solvents  which  c-an  be  readily  solidified,  and 
that  a  very  important  general  law  is  connected  with  them." 

'  .Ann.  Chim.  Fh'ja.  [4],  M,  366  (1B7I)  ;  S6,  fi02  f  1S72)  ;  S6,  08  (1872).] 
»  IbliU  [5],  2S,  137  (1883) ;  [fl],  8,  86  (1881).     Scientiito  Memoira  S 

IV,  71. 

■Scientific  Memoirs  Series,  IV,  71.    Edited  by  Amea  (Amer.  Book  C 

Jn».  Chim.  Fhya.  [6],  S8,  137  (188:1). 
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Solutions  in  Acetic  Acid 


SUBSTAMOS 


Methyl  iodide 
Carbon  bisulphide . 
Ether     . 
Acetone . 
Potassium  acetate  . 

Sulphuric  acid 
Hydrochloric  acid  . 
Magnesium  acetate 


Formula 


CHsI 

CSa 

C4H10O 

CsHeO 

C2H8O2K 

H2SO4 

HCl 

C4H«04Mg 


Molecular 
lowrrino 


38.8 
38.4 
39.4 
38.1 
39.0 

18.6 
17.2 
18.2 


The  molecular  lowerings  in  acetic  acid  centre  around  two  values, 
viz.  39  and  18  —  the  one  being  double  the  other. 

Solutions  in  Benzene 


SUBSTAMOa 


Methyl  iodide 
Nitrobenzene 
Ether     . 
Ethyl  formate 
Acetone .        .        . 
Arsenic  trichloride 

Methyl  alcohol 
Ethyl  alcohol 
Benzoic  acid  . 


Formula 

MOLROULAR 
LOWRRINO 

CHgl 

50.4 

CeHsNO, 

48.0 

C4HioO 

49.7 

CsHeOj 

49.3 

CgHeO 

49.3 

AsCls 

49.3 

CH4O 

25.3 

CsHeO 

28.2 

C7H«0, 

25.4 

Here,  also,  we  find  that  the  molecular  lowering  centres  around 
the  two  values,  49  and  45. 

The  results  obtained  with  water  as  a  solvent  are  more  irregular 
than  in  any  other  case.  This  is  the  reason  why  the  earlier  experi- 
menters in  this  field  failed  to  discover  generalizations..  They  all 
worked  with  aqueous  solutions,  and  with  aqueous  solutions  of 
metallic  salts.  Raoult  was  the  first  to  employ  organic  compounds 
with  water  as  a  solvent. 

The  same  relations  discovered  with  other  solvents  appear  also 
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SoLUTioNa  IN  Water                                                1 

Bu»fI,NO. 

foUDI-t 

LOWIEWS 

H;drocbloric  acid 

Nitric  acid 

Sulphuric  acid 

Potassium  hydroxide 

Sodium  hydroiide         ...... 

Potassium  formate 

Sodium  sulphate 

Sodium  oxalate 

Calciimi  nitrate 

Copper  sulphate 

Meth;l  alcohol 

Glycerol         

Acetone 

HCl 
UNO, 

HaSO. 
KOH 
NaOH 
HCOjK 

NajSO. 
Na,C,04 
Ca(NO,), 
CuSO, 

CHiO 

C,H,0, 
C,H,0 

38.1   1 

35.S^^H 

37.r^^H 
ISA'^^H 

17.S^^| 
17.1  ^^H 
17.1  ^^H 
1B.7'^^H 
lOJ     ^^^ 
IBJ              1 

Hydrocyanic  acid 

AramoniB        . 

UCN 
NH. 

here.     The  molecular  loweringa  in  water  centre  roughly  around  the 
two  values,  37  and  18.5.     All  the  salts  of  the  alkalies  and  all  the 
salts  of   the  strong  acids  and  bases  give  a  molecular  lowering  of 
approximately  37.     Some  salts  of  the  bivalent  metals,  all  the  weak 

lowering  of  approximately  18.5. 

Conclusions  from  the  Work  of  Raonlt-^RaouIt  drew  the  follow- 
ing conclusions  from  his  investigations  :  — 

"  Every  substance,  solid,  liquid,  or  gaseous,  when  dissolved  in  a 
definite  liquid  compound  capable  of  solidifying,  lowers  its  freezing- 
point. 

"  The  molecular  lowerings  of  the  freezing-points  of  all  the  solvents, 
produced  by  the  different  compounds  dissolved  in  them,  approach 
two  mean  values  which  vary  with  the  nature  of  the  solvent,  the  one 
being  twice  the  other." ' 

the  freezing-jMiint  to  determine  the  molecular  weight  of  the  dissolved 
substance.     The  substances  which  produce  the  lower  or  the  higher 

■  S!^i..MifinM»n,»l™l!»^„=    IV    Ra_«0        V,tl,P^  W  An,,..  .■4n,Br    R,w.k  n»^^H 
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in  determining  molecular  weights.  Thus,  the  salts  of  the  alkalies 
in  water  give  a  molecular  lowering  of  about  37.  We  must,  therefore, 
take  that  molecular  weight  of  the  salt  which,  when  multiplied  by 
the  coefl&cient  A  gives  37.  If  we  are  dealing  with  organic  compounds, 
we  must  adopt  that  molecular  weight  which,  when  multiplied  by  A 
gives  18.5.  Other  solvents  can  be  employed,  and  the  molecular 
weights  of  the  dissolved  substances  determined  in  a  number  of  sol- 
vents. The  importance  of  the  freezing-point  method  in  determining 
molecular  weights  will  be  taken  up  a  little  laftr ;  reference  is  made 
to  it  here  to  show  that  it  is  the  direct  outcome  of  the  work  of  Kaoult, 
and  that  the  possibility  of  determining  the  molecular  weights  of  sub- 
stances in  solution  was  clearly  pointed  out  by  him. 

Baonlt's  Law  for  Different  Solvents.  —  If  the  molecular  lowerings 
of  the  different  solvents  are  divided  by  the  molecular  weights  of  the 
solvents,  the  law  of  Raoult  becomes  apparent.  The  table  for  six  sol- 
vents, taken  from  the  paper  by  Raoult,^  is  given  below :  — 


M 

L 

i«« 

MoLSO.  Wkioht 

MOLSO.  LOWXBIITG 

LOWBRIMG   PBODtrOBD 

BT  1   MOLKOULB  IN   100 

MOLXCULBS 

Water    . 

18 

47 

2^61 

Formic  Acid  . 

46 

29 

0^63 

Acetic  Acid    . 

60 

89 

0°.66 

Benzene 

78 

50 

0^64 

Nitrobenzene . 

123 

73 

0°.69 

Ethylene  bromide  . 

188 

119 

0°.63 

With  the  exception  of  water,  the  value  of  jj>  is  very  nearly  a  con- 
stant, independent  of  the  nature  of  the  solvent,  Raoult  points  out  that 
this  is,  indeed,  not  surprising ;  since,  if  the  lowering  of  the  freezing- 
point  is  so  largely  independent  of  the  nature  of  the  dissolved  sub- 
stance, as  we  know  that  it  is,  why  should  it  not  also  be  independent 
of  the  nature  of  the  solvent  ? 

Leaving  water  out  of  the  question  for  a  moment,  the  general  law 
of  the  lowering  of  the  freezing-point  of  solvents,  as  discovered  by 
Raoult,  can  be  formulated  thus :  — 

"  If  one  molecule  of  any  substance  is  dissolved  in  one  hundred  mote- 
cules  of  any  liquid  of  a  different  nature,  the  lowering  of  the  freezing' 


*  Loc,  clt. 
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paint  of  this  tiqriiil  ix  alii-at/s  nearly  the  same,  and  approximaidff 

Exception  presented  by  V&ter.  —  The  exception  to  this  law  pre- 
sented by  water  is  quite  interesting  in  the  light  of  what  we  have 
already  learned  with  respect  to  the  state  of  aggregation  of  the  mole- 
cules of  pure  water.  From  a  study  of  the  surface-tension  of  water, 
it  will  be  remembered  that  Ramsay  and  Shields  came  to  the  eoncla- 
sion  that  there  are  four  chemical  molecules  of  water  aggregated  to 
form  wliat  is  sometftaes  called  the  physical  molecule.  In  other 
words,  the  formula  for  the  molecule  of  water  in  the  liquid  state 
should  be  (H,0),  or  H,0,. 

An  examination  of  the  preceding  table  for  aqueous  solutions  will 
show  that  the  maximum  molecular  lowering  for  water  may  be  as 
great  as  49,  and  a  number  of  cases  are  known  where  it  is  as  great  as 
47.  This  is  just  about  the  value  which  we  would  exi>ect,  if  the  mol&- 
cules  of  water  were  aggregated  in  groups  of  four :  — 


18  X  4 


=  0.C5. 


This  value  ia  very  close  to  the  mean  of  the  values  found  for  the 
other  five  solvents. 

The  conclusion  reached  by  Kamsay  and  Shields,  from  a  study  of 
the  surface-tension  of  water,  is  thus  contirmed  by  the  freezing-point 
lowerings  produced  by  dissolved  substances. 

It  should  be  stated  before  leaving  the  law  of  Raoult  that  the 
most  refined  work  has  subsequently  shown  that  the  law  is  not 
rigidly  true.  It  is  only  an  approximation  to  the  truth,  but  one 
which  coordinates  a  large  number  of  otherwise  more  or  less  dis- 
connected facts. 

Freeiing-point  Lowering  and  the  Sissociation  Theory.  —  According 
to  the  theory  which  had  just  been  proposed  by  Arrhenius,  acids, 
bases,  and  salts  in  the  presence  of  water  are  broken  down  into 
parts,  which  were  ealled  ions.  Solutions  of  these  substances,  it 
will  be  remembered,  gave  a  greater  osmotic  pressure  than  woulil  be 
expected  from  the  concentrations  employed.  Just  these  same  sub- 
stances gave  a  too  great  lowering  of  the  freezing-point  of  water. 
If  the  compound  was  of  the  type  of  hydrochloric  acid,  potassium 
hydroxide,  or  potassium  chloride,  i.e.  such  as  would  dissociate  into 
two  ions,  the  molecular  lowering  in  dilute  solutions  was  nearly  twice 
as  gi'cat  as  the  normal.     If  the  molecule  of  the  substance  could  di»- 

'  Soienliflc  Memoirs  Series,  IV,  92.     Edited  bj  Ames  (Amer.  Book  Co.), 
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sociate  into  three  ions,  as  sulphuric  acid,  barium  hydroxide,  or 
barium  chloride,  the  molecular  lowering  was  neai-ly  three  times  the 
normal,  if  the  solutions  were  dilute. 

These  facts  accord  perfectly  with  the  results  of  the  measure- 
ments of  osmotic  pressure,  and  furnish  strong  evidence  in  favor  of 
the  theory  of  electrolytic  dissociation  —  an  ion  lowering  the  freezing- 
point  to  the  same  extent  as  a  molecule. 

Arrhenius  ^  saw  the  significance  of  these  facts  in  connection  with 
his  theory,  and  pointed  out  that  we  have  here  a  method  of  testing 
the  theory.  He  used  the  freezing-point  method  to  determine  the 
values  of  the  coefficient  i,  which  had  been  introduced  by  Van't  Hoff 
into  the  general  gas  equation,  in  order  that  it  might  be  applied  to 
the  osmotic  pressure  of  solutions.  Arrhenius  pointed  out  that  the 
value  of  i  could  be  obtained  by  the  freezing-point  method  as  follows ; 
If  a  gram-molecular  weight  of  a  non-dissociated  compound  is  dis- 
solved in  a  litre  of  water,  the  lowering  of  the  freezing-point  of  the 
water  is  1**.85.  If  the  substance  is  dissociated,  the  lowering  pro- 
duced by  a  solution  of  equal  concentration  is  always  greater  than 
the  above.  In  order  to  find  the  value  of  i,  it  is  only  necessary  to 
divide  the  molecular  lowering  found,  fy  by  1.85 :  — 


I  = 


1.85 


Arrhenius  determined  by  this  method  the  value  of  i  for  a  large 
number  of  substances,  and  compared  the  values  obtained  with  those 
found  by  another  method,  which  we  will  consider  later.  It  was 
from  this  comparison,  as  we  shall  see,  that  the  theory  of  electrolytic 
dissociation  at  once  came  into  prominence. 

Apparatus  devised  by  Beckmann. — The  measurements  of  the 
freezing-points  of  solvents  and  of  solutions,  which  had  been  made 
up  to  this  time,  were  necessarily  not  very  refined.  Neither  the 
apparatus  employed  nor  the  method  used  admitted  of  any  very  high 
degree  of  accuracy.  An  important  step  toward  the  improvement 
of  both  method  and  apparatus  was  taken  by  Beckmann,*  after  a 
number  of  attempts  had  been  made  by  Hentschel'  and  others.  The 
apparatus  designed  and  used  by  Beckmann  is  shown  in  the  following 
figure :  — 

The  glass  vessel  A  is  to  receive  the  solvent  or  solution  whose 
freezing-point  is  to  be  determined.     The  substance  can  be  introduced 

1  Ztschr.phya,  Chem.  1,  633  (1887).  «  Ibid,  2,  638  (1888). 

»  Ibid.  2,  306  (1888). 

F 
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tlirougli  the  aide-tube,  but  the  latter  can  be  readily  dispensed  with. 
The  tulw  A  passes  through  a  wirk  into  the  wider  glass  tube  Aj,  and 
an  air-space  exists  between  the  walls  of  the  two  tubes.  Tbe  ther- 
mometer T  is  inserted  into  A,  and  fastened  tightly  in  position  by 
means  of  a  cork.  The  liquid  in  ^  is  stirred 
by  means  of  a  glass  rod  beut  in  a  circle 
of  sufRcient  diameter  to  allow  the  bulb  of 
the  thermometer  to  paes  through.  The 
stirrer  ia  attached  to  a  vertical  rod  S,  and 
moved  up  and  down  by  means  of  the  hand. 
B  ia  a  battery  jar,  which  contains  the 
freezing-mixture.  The  substance  used  in 
the  jar  depends  tipon  the  freezing-point  of 
the  solvent  with  which  we  are  dealing. 
If  tbe  solvent  freezes  appreciably  above 
the  freezing-point  of  water,  it  ia  only 
necessary  to  use  water  and  ice.  If  we  are 
working  with  water  as  the  solvent,  the 
freezing-mixture  more  commonly  used  is 
ice  and  salt.  Care  must  be 
\  taken  that  not  too  much  salt 
is  used,  since,  when  the  mix- 
ture ia  too  cold,  the  results  ob- 
tained ai'e  often  not  reliable. 

Tbe  thermometer  used  by 
Beckmann  requires  special 
comment.  It  is  constructed  on 
a  different  plan  from  that  of 
any  other  thermometer  which 
has  ever  been  used.  In  the 
first  place,  tlie  bulb  is  very 
large,  aud,  consequently,  tlie 
divisions  on  the  scale  corre- 
spond to  a  very  small  range 
in  temperature.  The  largest 
scale  divisions  correspond  to 
degrees.  The  total  range  of  such  a  thermometer  is  usually  about  6°. 
The  next  smaller  divisions  correspond  to  tenths  of  a  degree,  and  the 
smallest  divisions  to  linndredths  of  a  degree.  By  means  of  a  small 
lens  it  is  possible  to  read  the  scale  to  thousandths  of  a  degree. 

The  unique  feature  of  the  Beckmann  thermometer  is,  however, 
the  arrangement  at  the  top.    Tliis  ia  seen  in  Fig.  25. 


Flo.  24. 


\ 

FlQ.  29. 


SOLUTIONS  211 

The  capillary  terminates  in  a  reservoir  or  cistern,  into  which,  by 
warming  the  bulb,  mercury  can  be  driven.  The  mercury  in  this 
reservoir  can  be  thrown  either  to  the  top  or  bottom  by  holding  the 
thermometer  and  tapping  or  thrusting  it.  By  this  means  it  is  pos- 
sible to  increase  or  decrease  the  amount  of  mercury  in  the  bulb  of 
the  thermometer,  and  to  so  adjust  the  amount  that  the  top  of  the  col- 
umn will  come  to  rest  at  any  desired  point  on  the  scale,  when  the 
instrument  is  placed  in  the  freezing  solvent.  The  freezing-point  of 
any  solvent  or  solution  can,  then,  be  adjusted  at  any  desired  posi- 
tion on  the  scale,  and  the  difference  between  the  freezing-points  of 
the  solvent  and  solution  determined.  This  differential  thermometer 
of  Beckmann  has  proved  of  incalculable^  service  to  physical  chemis- 
try, and  has  contributed  more  to  our  knowledge,  in  the  field  which 
we  are  now  studying,  than  any  invention  or  device  which  has  ever 
been  proposed.  The  Beckmann  thermometer  plays  a  rdle  in  physical 
chemistry  which  may  be  compared  with  that  of  the  potash  bulbs  of 
Liebig  in  organic  chemistry. 

Kethod  employed  by  Beckmann.  —  The  method  of  working  with 
the  Beckmann  apparatus  is  very  simple.  If  we  are  dealing  with 
aqueous  solutions,  enough  water  is  introduced  into  the  vessel  A  to 
cover  the  bulb  of  the  thermometer.  The  freezing-point  of  the  water 
is  determined  on  the  scale  of  the  thermometer,  and  then  redeter- 
mined. The  two  readings  should  not  differ  more  than  a  very  few 
thousandths  of  a  degree.  When  the  water  is  being  cooled  down  in 
the  vessel,  it  does  not  freeze  as  quickly  as  it  reaches  the  zero  point, 
but  undercools,  sometimes  as  much  as  two  or  three  degrees,  before 
the  ice  begins  to  separate.  Ice  will  then  separate  until  heat  enough 
is  liberated  to  warm  the  remaining  water  up  to  the  freezing  tempera- 
ture. After  the  freezing-point  of  the  water  has  been  accurately  de- 
termined on  the  thermometer,  —  and  this  must  always  be  done  just 
before  the  freezing-point  of  the  solution  is  determined,  —  we  then  pro- 
ceed to  determine  the  freezing-point  of  the  solution.  The  solution 
can  be  prepared  in  either  of  two  ways.  The  water  in  the  freezing- 
vessel  can  be  weighed  and  then  a  weighed  amount  of  the  substance 
introduced ;  or  the  solution  can  be  prepared  in  a  measuring  flask, 
using  some  of  the  same  water  whose  freezing-point  has  just  been  de- 
termined. The  method  chosen  for  preparing  the  solution  depends 
upon  the  amount  of  substance  available,  the  solubility  of  the  sub- 
stance, concentration  of  solution  desired,  etc. 

Having  prepared  the  solution,  its  freezing-point  must  now  be  de- 
termined. We  proceed  in  exactly  the  same  manner  in  determining 
the  freezing-point  of  a  solution,  as  in  the  case  of  a  pure  solvent. 
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Duplicate  determinations  should  differ  only  slightly  from  each 
other.  The  difference  between  the  freezing-point  of  the  solvent  and 
that  of  the  solution  is  the  loweting  of  the  freezing-point  of  the  for- 
mer produced  by  the  dissolved  substance. 

The  Sepaiatioa  of  Ice  concentrates  the  Bolntioa.  —  When  a  pure 
solvent  freezes,  enough  solid  separates  to  warm  the  remaining  liquid 
up  to  its  freezing-point.  The  amount  of  solid  formed  depends, 
evidently,  upon  the  amount  of  the  undercooling  and  the  heat  of 
solidification  of  the  solvent,  which  is  obviously  equal  to  its  heat  of 
fusion.  In  the  case  of  a  pure  solvent  there'is  no  con-ectioa  to  be 
introduced  foi;  tile  segtaration  of  the  solid  phase,  since  the  remainder 
of  the  liquid  is  nnchanged. 

When  a  solution  freezes,  the  case  is  quite  different.  The  pure 
solid  separates  from  a  solution  as  from  the  solvent  alone.  Since 
none  of  the  dissolved  substance  separates,  the  solution  becomes  more 
t-oDceutrated,  due  to  the  freezing  out  of  some  of  the  solvent.  Since 
the  solution  whose  freezing-point  is  determined  is  more  concentrated 
than  that  with  which  we  started,  some  correction  must  be  introduced 
for  this  increase  in  the  concentration.  The  correction  can  be  calcu- 
lated very  simply,  as  Jones'  has  pointed  out.  Let  u  be  the  under- 
cooling of  the  solution  in  degrees,  s  the  specific  heat  of  the  liquid, 
and  I  the  latent  heat  of  fusion  of  unit  weight  of  the  solvent, 
Y~fi  ^^^^^  f  '8  the  amount  by  which  the  solution  will  be  concen- 
trated, due  to  the  separation  of  ice. 

Determination  of  Kolecnlar  Weights  by  the  Freezing-point 
Method.  —  One  of  the  most  important  applications  of  the  freezing- 
point  method  is  the  determination  of  the  molecular  weights  of  sut>- 
atances  in  solution  in  different  solvents.  A  great  number  of  such 
determinations  have  been  made,  and  much  light  thrown  on  the 
nature  of  dissolved  substances  in  general.  The  method  used  is 
generally  that  described  by  Beckmann  and  which  has  just  been  con- 
sidered. Knowing  the  weight  of  the  solvent,  the  weight  of  the  dis- 
solved substance,  the  lowering  of  the  freezing-point  produced,  and 
the  freezing-point  constant  of  the  solvent,  it  is  quite  simple  to  cal- 
ciiliite  the  molecular  weight  of  the  dissolved  substance.  If  M  is  the 
luiknown  molecular  weight,  W  the  weight  of  the  solvent,  w  that  of 
the  substance,  A  the  lowering  of  the  freezing-point  observed,  and  ^i\ 
the  constant  for  the  solvent,  we  have  — 


M-- 


Cio 


A  If 

■.  pkys.  Chem.  18.  624  (1803). 
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A  word  in  reference  to  the  freezing-point  constant  of  a  solvent. 
When  a  gram-molecular  weight  of  a  completely  undissociated  sub- 
stance is  dissolved  in  1000  grams  of  water,  the  freezing-point  of  the 
water  is  lowered  1°.86.  This  value  is  known  as  the  molecular  lower- 
ing of  water.  When  the  molecular  lowering  is  multiplied  by  10,  we 
have  the  values  of  the  freezing-point  constant  given  below  for  a  few 
of  the  more  common  solvents :  — 


<7 

C 

Acetic  acid        .    .        .        . 
Benzene         .... 
Ethylene  bromide . 

39.0 

60.0 

117.9 

Formic  acid .... 

Nitrobenzene 

Water 

27,7 
70.7 
18.6 

For  details  in  connection  with  the  application  of  the  freezing-point 
method  to  the  problem  of  molecular  weight  determinations,  and  for 
some  of  the  results  which  have  been  obtained,  hardly  more  than 
reference  can  be  made  to  other  works  ^  which  deal  especially  with 
these  phases  of  our  subject.  It  should,  however,  be  stated  here,  that 
the  molecular  weights  of  non-electrolytes  in  water  usually  come  out 
the  simplest  possible,  showing  that  there  is  no  aggregation  of  the 
molecules  in  such  solutions.  Such  molecular  weights  correspond  to 
those  found  in  the  state  of  vapor,  by  the  vapor-density  methods.  It 
must  not  be  concluded  that  the  molecular  weights  in  aqueous  solu- 
tions are  always  the  same  as  in  the  state  of  vapor,  nor  that  the 
molecular  weights  in  solution  in  water  are  always  the  simplest  pos- 
sible, since  there  are  many  exceptions  to  both  of  these  conclusions. 
Other  common  solvents  which  do  not  favor  the  formation  of  molec- 
ular complexes  are  formic  and  acetic  acids,  phenol,  aniline,  etc. ; 
while  association  frequently  takes  place  in  benzene,  nitrobenzene, 
ethylene  bromide,  and  the  like. 

Erroneous  Conclusion  from  Freezing-point  Determinations. — One 
error  has  so  often  arisen  in  connection  with  the  determination  of 
molecular  weights  in  solution,  that  attention  must  be  called  to  it  in 
this  connection.  The  freezing-point  method  gives  us,  as  we  believe, 
the  molecular  weight  of  the  substance  in  solution,  and  in  solution  in 
the  particular  solvent  in  question.     From  such  results  conclusions 

1  A  small  laboratory  guide  on  Freezing-point,  Boiling-point,  and  Conduc- 
tivity Methods  has  been  prepared  by  H.  C.  Jones.  A  much  more  elaborate 
work  is  that  of  H.  Biltz  translated  by  Jones  and  King :  Practical  Methods  for 
Determining  Molecular  Weights  (Chem.  Pub.  Co.).  See  also  Traube's  Physi- 
kalisch-chemische  Methoden, 
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are  often  drawn  aa  to  the  molecular  weight  of  the  pure,  homogeneous 
aubstauce.  Indeed,  attempts  have  been  made  to  show  that  certain 
isomeric  and  polymeric  substances  have  the  same  molecular  weights, 
because,  when  dissolved  in  some  solvent,  they  show  the  same  molec- 
ular weight. 

This  is,  of  course,  all  entirely  unjustified.  We  do  not  know  the 
connection  between  the  molecular  weight  of  a  substance  in  solution 
and  its  molecular  weight  in  the  pure  state,  and  until  such  a  relation 
has  been  discovered,  we  must  always  bear  in  mind  that  the  freezing- 
point  method  gives  us  only  the  molecular  weight  of  the  substance  in 
the  presence  of  the  solvent  with  which  we  are  working. 

Dissociation  aa  measured  by  the  Freesing-point  Uethod.  —  The 
second  important  application  of  the  freeziug-point  method  to  physi- 
cal chemical  problems  will  now  be  taken  up.  The  lowering  of  the 
freezing-point  of  water  produced  by  electrolytes  is  always  greater 
than  that  produced  by  non-electrolytes  of  the  same  gram- molecular 
concentration.  This  is  explained,  as  we  have  seen,  by  assuming 
that  a  larger  or  smaller  part  of  the  uiolecules  are  dissociated  into 
ions,  the  number  depending  upon  the  concentration  of  the  solution 
and  the  nature  of  the  dissolved  substance.  It  is  obviously  impos- 
sible to  determine  the  molecular  weights  of  such  substances  in 
solntion,  since  the  value  found  would,  for  any  given  substance,  be 
dependent  upon  the  concentration  of  the  solution,  and  at  all  con- 
centrations would  \m  smaller  than  the  smallest  possible  molecular 
weight  of  the  substance  in  question. 

To  compounds  which  are  dissociated  in  solution  t!ie  freezing- 
point  method  is  applied  for  the  purpose  of  measuring  the  amount 
of  the  dissociation.  This  is  made  possible  by  the  fact  that  an  ion 
and  a  molecule  lower  the  freezing-point  to  the  same  extent.  If  a 
molecule  dissociates  into  two  ions  (and  it  can  never  dissociate  into 
less  than  two),  the  freezing-point  lowering  will  be  double  that  pro- 
duced by  an  undissociated  substance ;  if  into  three  ions,  the  lowering 
will  be  three  times  as  great ;  and  so  on.  The  method  of  calculating 
dissociation  is  obvious  from  the  above  statements.  If  the  molecular 
lowering  is  divided  by  the  constant  for  the  solvent,  we  obtain  the 
coefficient  i.  The  dissociation  a  for  binary  electrolytes  is  obtained 
from  the  expression,  — 


-I. 


If  the  electrolyte  is  ternary,  the 
three  ions  each,  we  have  — 


nolecules  breaking  down  into 
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and  the  same  principle  holds  for  electrolytes  which  yield  a  larger 
number  of  ions.  It  is  thus  possible  to  determine  the  amount  of  the 
dissociation  of  any  electrolyte  in  water,  up  to  dilutions  of  say  -^ 
normal. 

In  order  that  such  determinations  may  have  any  scientific  value, 
they  must  be  made  with  a  very  considerable  degree  of  accuracy. 
The  method  devised  by  Beckmann  for  molecular  weight  determina- 
tions is  far  too  crude  for  work  of  this  kind.  We  shall  examine  some 
of  the  more  refined  methods  for  determining  freezing-points. 

Kore  Accurate  Kethods  of  measnring  Freezing-points. — A  method 
which  was  apparently  an  improvement  on  that  of  Beckmann  was 
devised  in  1892  by  Jones.^  This  work  was  undertaken  at  the  sug- 
gestion of  Ostwald,  in  whose  laboratory  it  was  carried  out.  At  this 
time  there  were  two  general  methods  of  measuring  dissociation, 
which  will  be  described  in  the  proper  places,  and  these  two  gave 
results  which  differed  very  considerably.  The  object  was  to  find 
a  third  method  of  measuring  dissociation,  to  see  with  which  of  the 
other  two  the  results  would  agree,  if  with  either.  The  vessel  which 
was  to  contain  the  solution  was  enlarged  so  that  it  held  a  litre.  The 
larger  volume  of  the  liquid  would  be  less  susceptible  to  changes  in 
external  temperature.  The  apparatus  was  constructed  so  as  to 
secure  as  uniform  cooling  as  possible,  and  a  much  more  efficient 
stirrer  was  devised  and  used.  The  thermometer  employed  was  of 
the  Beckmann  type,  but  was  about  ten  times  the  size  of  the  ordinary 
Beckmann  instrument.  The  scale,  which  comprised  only  0**.6,  was 
divided  directly  into  thousandths  of  a  degree,  so  that  with  a  lens 
it  was  possible  to  read  the  scale  to  ten-thousandths  of  a  degree. 
With  this  apparatus  Jones  measured  the  dissociation  of  a  number  of 
acids,  bases,  and  salts,  in  aqueous  solutions  ranging  in  concentration 
from  0.1  to  0.001  normal ;  and  the  results  obtained  agreed  very  sat- 
isfactorily with  those  of  another  method,  which  has  since  been 
shown  to  be  the  most  reliable  measure  of  electrolytic  dissociation. 
The  results  obtained  by  the  third  method,  which  differed  from  those 
obtained  by  the  other  two,  have  been  shown  to  contain  an  error,  and 
when  this  was  corrected  the  three  sets  of  results  agreed  very  satis- 
factorily. 

A  number  of  improvements  in  the  freezing-point  method  have 
been  suggested  since  the  above  method  was  proposed.  Lewis* 
attempted  to  improve  the  stirring  device  and  other  minor  features. 

1  Ztschr.  phys.  Chem.  11,  110,  529  (1803)  ;  12,  639  (1893). 
*  Ibid,  15,  365  (1894). 
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Loomis '  took  special  precautions  not  to  keep  tlie  freezing-mixture 
too  cold,  to  keep  hli;  thermometer  at  the  same  temperature  day  and 
night,  auil  to  stir  at  a  uniform  rate.  He  has  carried  out  a  number 
of  investigations  which  represent  a  large  amount  of  very  careful 
work,  Ponsot "  has  also  done  much"  work  on  the  problem  of  freezing- 
point  loweriiigs,  but  his  i-eaults  are  so  very  peculiar  that  it  ia  iropoa- 
sible  to  pass  judgment  upon  them.  Nernst  and  Abegg'  have  made 
very  valuable  contributions  to  our  knowledge  of  freezing-point  lower- 
ings,  calling  attention  eapecially  to  the  necessity  in  many  cases  of 
keeping  the  temperature  of  the  freezing-bath  only  a  little  below  that 
of  the  freezing-point  of  the  liquid.  They  also  showed  the  necessity 
of  correcting,  in  certain  cases,  for  the  heat  liberated  in  stirring,  for 
the  rate  of  cooling,  etc. 

The  most  accurate  work,  however,  which  has  ever  been  done  on 
freezing-points  of  solvents  and  solutions  seems  to  be  the  recent 
investigations  of  Raoult/  —  the  father  of  all  cryoscopic  work.  Tbia 
has  proved  to  be  his  last  important  contribution  to  science,  Baoult 
having  just  died  in  Grenoble,  France,  where  all  his  earlier  cryoscopic 
work  was  done.  His  last  work  was  thus  a  beautiful  investigation 
along  the  same  lines  which  brought  him  into  prominence  many  years 
ago.  This  investigation  will  stand  as  a  crowning  glory  to  a  life 
devoted  with  unusual  zeal  to  the  cause  of  pure  science. 

Abnormal  Freezing-point  Lowerings  prodaoed  by  Some  Electro- 
lytes in  Concentrated  Solutions.  —  The  results  obtained  for  the  dis- 
sociation of  electrolytes  in  water  show  that  the  dissociation  in- 
creases with  the  dilution,  from  the  most  concentrated  solutions 
investigated  up  to  a  dilution  of  about  y^H  normal,  where  it 
becomes  complete.  We  should  expect  from  these  results,  and  also 
from  those  obtained  by  other  methods,  that  the  dissociation  would 
continue  to  decrease  with  increase  in  concentration,  however  far  the 
concentration  might  be  carried.  Such  has  recently  been  shown  not 
to  be  the  case. 

Jones  and  Ota,'  in  their  work  on  the  nature  of  solutions  of  double 
chlorides,  obtained  irregular  resulta  in  concentrated  solutions  by  the 
freezing-point  method. 

Jones  and  Knight,'  in  their  work  on  double  chlorides  and  bro- 
mides, found  that  the  molecular  lowering  increased  with  the  concen- 
tration from  a  certain  point,  and  then  increased  again  from  this 

»  Wied.  Ann.  SI,  600;  ST.  406;  GO,  62.?  (1894-1807). 

'  AnH.  Chim.  Phya.  [7],  10.  79  (1897).  

»  Zdtcftr.  phyt.  Cbrm.  IB,  081  (1804).  *  P>id.  27,  617  (ISttS). 

»  Amtr.  Chim.  Jouru.  U,  6  (1890).  '  IbUi.  M,  110  (1890). 
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point  with  the  dilution,  as  would  be  expected.  The  increase  in  the 
molecular  lowering  became  very  marked  at  great  concentrations; 
indeed,  so  pronounced  that  the  molecular  lowering  of  a  normal  solu- 
tion was  as  great  as,  or  greater  than,  the  theoretical  molecular  lower- 
ing when  all  the  salt  was  completely  dissociated. 

This  was  evidently  a  remarkable  and  surprising  fact,  and  obvi- 
ously merited  careful  study.  Jones  and  Chambers^  took  up  the 
subject  systematically,  and  determined  the  freezing-point  lowerings 
produced  by  concentrated  solutions  of  a  number  of  chlorides  and 
bromides.  They  used  calcium,  barium,  strontium,  magnesium,  and 
cadmium  chlorides  and  bromides.  They  found  the  increase  in 
molecular  lowering  with  increase  in  concentration  from  a  certain 
point,  for  every  salt  except  cadmium  chloride  and  bromide.  The 
results  obtained  with  one  chloride  and  bromide  will  bring  out  the 
point  Column  I  gives  the  concentration  in  terms  of  normal ;  col- 
umn II,  the  corrected  lowering  of  the  freezing-point  (corrected  for 
separation  of  ice) ;  column  III,  the  molecular  lowering. 


CALCIim  CULOSIDX 

Calcium  Bromidk 

I 

• 

II 

III 

I 

II 

III 

0.102 
0.153 
0.204 
0.255 
0.306 
0.408 
0.510 
0.612 

0°.508 
0*^.752 
1°.012 
1^267 
1°.537 
2M04 
2°.681 
3°.348 

4.98 
4.91 
4.96 
4.97 
5.02 
5.16 
5.26 
5.47 

0.4355 
0.8710 
0.1306 
0.1742 
0.2613 
0.3484 
0.4355 
0.5226 

0^228 
0^445 
0^664 
0°.904 
1°.368 
r.847 
2^.397 
2^949 

5.24 
5.11 
5.07 
5.18 
5.23 
5.30 
5.50 
5.64 

It  will  be  observed  that  there  is  a  minimum  in  the  molecular 
lowering  of  the  freezing-point,  from  which  this  value  increases  both 
with  dilution  and  with  concentration.  The  existence  of  such  a 
minimum  is  shown  best  by  plotting  the  results  in  curves.  The  two 
sets  of  curves  show  the  results  which  were  obtained,  the  one  with 
chlorides,  the  other  with  bromides.  Cadmium  chloride  and  bromide 
show  no  sign  of  a  minimum  in  the  molecular  lowering.  The  results 
which  were  earlier  obtained  by  Jones '  for  sodium  chloride  are  given 
for  the  sake  of  comparison. 


1  Amer,  Cham.  Journ,  83,  89  (1900). 
a  Ztschr.phya.  Chem.  11,  529  (1893). 
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The  work  has  since  been  extended  by  Chambers  and  Frazer.' 
They  worked  with  hydrochloric  and  phosphoric  acida,  sodium  acetat«, 
1  AmtT.  Chem.  Jvum.  28,  512  (1900). 
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copper  sulphate,  zinc  chloride,  and  strontium  and  cadmium  iodides. 
In  every  one  of  these  cases  they  found  a  more  or  less  pronounced 
minimum  in  the  molecular  lowering  of  the  freezing-point. 

Possible  Explanation. — What  is  the  explanation  of  the  abnormal 
behavior  of  these  substances  ?  Jones  and  Chambers  ^  have  offered 
a  tentative  suggestion  to  account  for  these  facts.  It  will  be  ob- 
served that  nearly  all  of  these  substances  are  quite  hygroscopic. 
Indeed,  the  work  was  directed  toward  the  study  of  compounds 
which  have  this  property.  It  seemed  to  them  that  the  only  expla- 
nation is  that  in  concentrated  solutions  these  substances  take  up  a 
part  of  the  water,  forming  complex  compounds  with  it,  and  thus 
removing  it  from  the  field  of  action  as  far  as  freezing-point  lowering 
is  concerned.  The  unstable  compound  formed  by  the  union  of  one 
molecule  of  the  substance  with  a  large  number  of  molecules  of  water, 
acts  as  one  molecule  in  lowering  the  freezing-point  of  the  remaining 
water.  But  the  total  water  present,  which  is  then  acting  as  solvent, 
is  diminished  by  the  amount  taken  up  by  the  substance.  The  lower- 
ing of  the  freezing-point  is  thus  abnormally  great,  because  a  part 
of  the  water  is  no  longer  present  as  solvent,  but  is  in  combination 
with  the  molecules  of  the  dissolved  substance.  By  assuming,  then, 
that  a  molecule  of  the  dissolved  substance  is  in  combination  with  a 
large  number  of  molecules  of  water,  it  is  possible  to  explain  all  of 
these  apparently  abnormal  results. 

Evidence  in  Favor  of  the  Above  Explanation.  —  It  is  not  a  simple 
matter  to  obtain  direct  evidence  bearing  on  this  point.  A  bit  of 
indirect  evidence  has,  however,  beeu  furnished  by  working  with 
another  substance.  It  was  vigorously  maintained,  especially  by 
Mendel^eff,  that  sulphuric  acid  forms  compounds  with  water  in  dilute 
solutions.  These  compounds  were  represented  as  very  complex, 
containing  one  molecule  of  sulphuric  acid  and  a  large  number  of 
molecules  of  water.  If  this  was  tn^e,  it  was  at  variance  with  the 
theory  of  electrolytic  dissociation,  since  this  theory  claimed  not  only 
that  there  were  no  such  compounds  in  dilute  solutions,  but  that  the 
dissolved  substance  itself  actually  broke  down  or  dissociated  into 
ions. 

An  investigation  to  test  the  correctness  of  Mendel^ffs  conclusion 
was  carried  out  in  the  laboratory  of  Arrhenius  in  1893,  by  Jones.* 
The  lowering  of  the  freezing-point  of  dry  acetic  acid  by  water  alone 
was  determined ;  then,  the  lowering  of  the  freezing-point  of  acetic 

1  Amer,  Chem.  Journ.  83,  108  (1900). 

s  Zlschr.phys.  Chem,  18,  419  (1894)  ;  Amer.  Chem.  Journ,  16,  1  (1894). 
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acid  by  sulphuric  acid ;  and,  finally,  the  lowering  of  the  freezing- 
point  of  acetic  acid  by  water  and  sulphuric  acid  together.  The 
result  was  to  show  that  there  is  not  the  slightest  evidence  in  favor 
of  Mendel^elFa  theory  of  the  existence  of  very  complex  hydrates  in 
dilute  solutions.  But  it  also  showed  that  there  are  undoubtedly 
compounds  formed  in  solution  between  the  acid  and  water,  hav- 
ing the  composition  H,SO,  -  H,0  and  HjSO,  ■  2  H,0.  When  the  amount 
of  water  present  vas  about  thirty  times  that  of  the  sulphuric  acid, 
no  compounds  having  greater  complexity  were  formed,  as  was  shown 
by  the  freezing-point  lowering  of  the  axjetic  acid. 

If  sulphuric  acid  can  combine  with  water  in  concentrated  solu- 
tions, forming  compounds  like  the  above,  why  may  not  other  hygro- 
scopic substances  have  the  same  power  ?  This  line  of  evidence  is, 
of  course,  no  proof  of  our  theory,  but  it  shows  that  there  are  analo- 
gous cases  known,  and  has  tlie  same  weight  as  other  lines  of  reason- 
ing based  upon  analogy. 

Whatever  the  explanation  may  be,  the  facts  have  been  estab- 
lished beyond  question,  and  we  now  know  that  molecular  lowering 
of  the  freezing-point  does  not  always  increase  with  the  dilution,  but 
may  also,  in  some  cases,  increa.se  with  the  concentration. 

Freezing-points  of  Amalgams.  —  The  lowering  of  the  freezing- 
point  of  mercury,  produced  by  dissolved  metals,  has  been  studied 
by  Tammann.'  The  value  of  the  constant  for  mercury,  as  calculated 
by  a  method  which  will  soon  be  discussed,  was  found  to  be  425. 
Tammann  worked  with  solutions  of  potassium,  sodium,  thallium, 
zinc,  and  bismuth,  in  mercury,  and  determined  the  molecular  weighta 
of  the  dissolved  metals.  The  molecular  weights  calculated  from 
his  results  are  as  follows:  — 


:in^         I 


M<,..c.^.  W«,.»T, 

ATC-.CW«„HT. 

potassium 

Sodium 

Thallium 

Zlno 

26-65 

21-25 

141-221 

ZM 

200      ■ 
96         ^ 

These  results  show  that  the  molecular  weights  of  metals  dissolved 

in  mercury  are   practically  identical   with  their  atomic   weights. 

The  molecule  of  the  metals  in  such  solutions  contains  one  atom, 

Tammann  also  extended  his  work   to  solutions   of  metals  in 


1  Ztachr.  phi/s.  Chein.  3,  441  (li^ 
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sodium,  and  studied  the  freezing-points  of  sucli  alloys.  Solutions 
of  metals  in  sodium  have  also  been  investigated  by  Heycock  and 
Neville.^  They  found  that  the  law  of  Raoult  applies  to  such  solu- 
tions. One  atom  of  a  metal,  dissolved  in  one  hundred  atoms  of 
sodium,  produced  a  constant  lowering  of  the  freezing-point,  almost 
regardless  of  the  nature  of  the  dissolved  metal.  Similar  results 
were  obtained  with  tin  as  a  solvent.  The  law  of  Raoult  applied 
here,  the  atomic  lowering  being  a  constant  except  in  a  few  cases 
as  with  aluminium,  where  the  atomic  lowering  is  much  smaller  than 
with  other  metals. 

Eutectic  Alloys.  —  If  we  melt  together  any  two  metals  which  can 
dissolve  one  another,  and  allow  the  mixture  to  cool,  we  have  an 
alloy.  The  freezing-points  of  such  alloys  are  usually  lower  than 
those  of  the  constituents,  and  a  number  of  cases  are  known  where 
the  alloy  freezes  much  lower  than  the  lowest  freezing  constituent 
{e.g.  Wood's  metal,  Rose's  metal,  etc.).  The  freezing-point  of  an 
alloy  of  any  two  metals  depends  upon  the  composition,  t.e.  the 
amount  of  each  metal  present.  One  particular  alloy  has  some  spe- 
cial interest,  and  has  been  given  a  definite  name,  which  will  be 
frequently  encountered.  The  lowest  freezing  alloy  is  known  as 
the  eutectic  cdloyj  or  is  frequently  referred  to  simply  as  the  eutectic, 

Cryohydrates.  —  When  a  dilute  solution  freezes,  the  pure  solvent 
separates  in  solid  form.  If  the  solution  is  saturated  at  ordinary 
temperatures,  when  it  is  cooled  down  to  the  freezing-point  it  becomes 
supersaturated,  and  some  of  the  dissolved  substance  must  separate 
from  the  solution.  If  the  solution  is  just  saturated  at  the  freezing- 
point,  and  all  overcooling  is  prevented,  the  ice  and  dissolved  sub- 
stance will  separate  in  the  same  proportion  in  which  they  are  present 
in  the  solution.  If  we  continue  to  freeze  such  a  solution,  the  tem- 
perature will  remain  unchanged  until  the  whole  has  solidified.  The 
temperature  will  also  remain  unchanged  until  the  whole  is  melted 
again. 

Guthrie'  studied  such  substances,  and  termed  them  cryohydrates. 
He  supposed  them  to  be  definite  chemical  compounds,  since  they 
had  a  constant  melting-point  and  constant  composition.  This  has 
been  shown  by  Offer'  not  to  be  the  case,  since  the  heat  of  solution 
of  a  cryohydrate  is  equal  to  the  sum  of  the  heats  of  solution  of  the 
solid  solvent  and  the  dissolved  substance.  Further,  the  specific 
gravity  of  a  cryohydrate  is  the  same  as  that  calculated  by  the  law 

1  Journ.  Chem.  Soc.  66,  066  (1889);  67,  376  (1890). 

«  Phil.  Mag.  [4],  49,  1  (1875);  [5],  1,  49,  and  2,  211  (1876). 

»  Bericht  Wien.  Akad.  81,  II,  1068  (1880). 
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^1             of  mixtures  from  the  specific  gravities  of  the  constitueata.     Since       1 
^1               there  is  neither  heat  change  nor  volume  change  in  the  formatioa  of 
^H               cryohyd rates,  these  cannot  be  regai'ded  aa  chemical  compounds. 
^H                     It  will  be  seen  at  once  that  we  have  in  these  cryohydrates  an         1 
^M               admirable  means  of  maintaining  a  constant,  low  temperature.     It  is 
^M              only  necessary  to  have  some  of  the  liquid  cryohydrate  in  the  pres- 
^1             euce  of  the  solid  to  secure  uniform  temperature. 
^M                   It  is  obvious  that  there  is  an  analogy  between  a  cryohydrate  and 
^M               a  euteetic  alloy.     A  eutectic  is  the  lowest  freezing-mixture  of  two 
^M               metals;   a  cryohydrate   is  the  lowest  free  zing-mixture  of  two  sub- 
^H              stances. 

^M                   EelatioQ  between  Freenng^-point  Lowering  and  Osmotic  I^ewnre. 
^H              —  A  very  close  relation  has  been  established  between  the  power  of 
^1             the  dissolved  substance  to  exert  osmotic  pressure  and  to  lower  the 
^H               freezing-point  of  the  solvent     That  such  a  relation  exists  has  been 
^H               shown  both  experimentally  and  theoretically. 

^H                     De  Vries,  as  we  have  seen,  measured  the  relative  osmotic  press-         1 
^M             ures  of  solutions  of  different  substances,  and  determined  the  coucen-        , 
^M             trations  which  were  isosmotic.    If  these  concentrations  are  expressed 
^m             in  molecular  quantities,  their  reciprocal  values  are  known  as  isotonic 
^M              coefficients,  as  has  already  been  stated.     These  coefficients  for  a 
^H             number  of  substances,  aa  compared  with  the  molecular  lowerings 
^H               of  the  freezing-point,  are  given  in  the  following  table,  which   is 
H               taken  from  the  work  of  De  Vries  : '  — 

^^B                                                         BlTBBTASOa 

■DLTIFLIID  BY    100 

M"t«ria,ii  LowBWBO  nr 

■  C,H„0, 

H                 CtiHnOtt 

■  MgSU. 

■  K\0, 

H                 NnCl 

■  K,S(). 

■  CaCl, 

181 

les 

IBS 
300 
306 

m 

433 

18S 
193 

351              ^^M 

^M            The  agreement  between  the  two  sets  of  values  is  as  close  as  could 
^M             be  expected,  when  we  consider  that  these  results  were  obtained  at 
^m              different  temperatures  and  concentrations.     There  is,  then,  undoubl^ 
^H              edly  a  proportionality  between  osmotic  pressure  and  lowering  of 1 

^H                                                     >  Ztichr.  phi/s.  Chfm.      427  (18SS).                                ^^^H 
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freezing-pointy  so  that  solvtions  of  equal  osmotic  pressure  have  also 
the  same  freezing-point. 

Demonstration  of  the  Relation  between  Lowering  of  Freezing- 
point  and  Osmotic  Pressure.  —  The  relation  between  osmotic  pressure 
and  lowering  of  freezing-point  was  first  deduced,  thermodynamically, 
by  Van't  HofF,*  in  his  epoch-making  paper  to  which  reference  has 
been  made  repeatedly.  He  showed  that  solutions  in  the  same  solv- 
ent, having  the  same  freezing-point,  are  isotonic.  Applying  this  to 
dilute  solutions,  he  was  led  to  the  conclusion  that  solutions  which 
contain  the  same  number  of  molecules  in  the  same  volume,  and, 
therefore,  from  Avogadro's  law  are  isotonic,  have  also  the  same 
freezing-point.  This  was  discovered  experimentally  by  Raoult,  and 
led  to  the  expression,  "  normal  molecular  lowering  of  the  freezing- 
point."  This  means  the  lowering  in  degrees,  produced  by  a  gram- 
molecular  weight  of  the  substance  in  100  (or  1000)  grams  of  the 
solvent.  The  normal  molecular  lowering  of  the  freezing-point, 
which  we  will  term  the  freezing-point  constant  for  the  solvent,  Van't 
Hoff  then  derived  from  the  latent  heat  of  fusion  of  the  solvent. 

This  deduction  has  been  worked  out  more  fully  by  Ostwald,*  and 
it  will  be  given  here  essentially  in  the  form  proposed  by  him,  with 
some  slight  modifications '  which  seem  to  make  the  several  steps  a 
little  clearer. 

The  solution  with  which  we  shall  deal  contains  n  molecules  of 
substances  dissolved  in  ^molecules  of  solvent,  the  lowering  of  the 
freezing-point  being  A.  If  3f  is  the  molecular  weight  of  the  dissolved 
substance,  S  the  specific  lowering  of  the  freezing-point,  and  C  the 
freezing-point  constant,  the  formula  of  Raoult  is  — 

The  specific  lowering,  however,  is  equal  to  the  observed  lowering  A, 

A 
divided  by  the  percentage  concentration  p ;  ^  =  —  • 

Op 
Therefore,  3f  =  -f- . 

But  n  =  ^9  and  substituting  p  =  nM  in  the  last  equation,  it 

becomes  3fA  =  CMhy 

or,  A=Gm.  (1) 

1  Ztschr.  phys.  Chem,  1,  481  (1887).    Scientific  Memoirs  Series,  IV,  29. 
»  Lehrb.  d.  AUg.  Chem.  1,  759.  «  Jones :  Phil.  Mag.  86,  488  (1 
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The  solvent  freezes  at  the  temperature  T,  and  we  allow  as  much 
of  the  solvent  to  solidify  as  would  contain  one  molecule  of  the 

N 
dissolved  substance,  i.e.  —  molecules. 

n 

If  the  latent  heat  of  fusion  of  the  solvent  is  A,  the  heat  set  free 

N 
in  this  process  would  be  —  \. 

The  ice  which  has  separated  is  fused  by  warming  to  the  temper- 
ature T,  and  the  liquid  allowed  to  mix  with  the  solution  by  passing 
through  a  semi-permeable  membrane.  An  osmotic  pressure  will  be 
exerted,  which  we  will  call  p.    If  the  volume  of  the  solution  is  v,  the 

work  done  is  pv. 

N 
Since  the  heat  liberated  is  —  X,  we  have  — 

N 
n 

pvn      A 
or,  1- —  =  —  • 

'  N\       T 

Since pv^  RT,  and  R^2  calories, 

100 
Substituting  N=:-ijr,  where  M  is  the  molecular  weight  of  the  solv- 

ent,  we  have — 

""^loo— •  ^^> 

From  equations  (1)  and  (2), 

^^  M2T* 

100    X  * 

Representing  the  heat  of  fusion  of  one  gram  of  the  substance  by  L, 
we  have  A  =  LM,  and  substituting  this  in  the  last  equation,  we  have  — 

100  L 

The  freezing-point  constant  of  a  solvent  is  thus  calculated  from 
the  absolute  temperature  at  which  the  solvent  freezes,  and  the  latent 
heat  of  fusion  of  the  solvent. 

From  this  equation  Van't  Hoff  calculated  the  value  of  the 
freezing-point  constant  for  a  number  of  solvents,  and  compared  the 
calculated  values  with  those  found  experimentally. 
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80LTB11T 

Constant  Galodi.atsd 

Constant  Found 

Water 

Acetic  acid      .... 
Formic  acid     .... 
Nitrobenzene   .... 

18.7 
38.8 
28.4 
69.5 

18.6 
38.6 
27.7 
70,7 

It  is  obvious  that  the  calculated  *  values  agree  satisfactorily  with 
those  found  by  experiment,  and  this  confirms  the  conclusion  reached 
experimentally,  that  osmotic  pressure  and  freezing-point  lowering 
are  proportional. 

Measnrement  of  Osmotic  Pressure  by  the  Freezing-pomt  Method. 
—  We  have  seen  that  the  direct  measurement  of  osmotic  pressure  is 
an  exceedingly  difficult  operation.  Indeed,  so  difficult  that  it  has  been 
attempted  by  only  a  very  few  experimenters.  After  it  was  shown 
that  there  is  direct  proportionality  between  freezing-point  lowering 
and  osmotic  pressure,  the  measurement  of  the  latter  became  rela- 
tively a  simple  matter.  It  was  only  necessary  to  determine  the 
freezing-point  lowering  produced  by  the  dissolved  substance,  in 
order  to  calculate  the  osmotic  pressure  of  the  solution  in  question. 
A  normal  solution  of  a  completely  undissociated  substance  exerts  an 
osmotic  pressure  of  22  atmospheres.  Such  a  solution  freezes  1®.86 
lower  than  pure  water.  A  lowering  of  the  freezing-point  of  1®.86 
corresponds,  then,  to  an  osmotic  pressure  of  22  atmospheres.     The 

osmotic  pressure  of  any  aqueous   solution   is  obtained  from  the 

22 
freezing-point  lowering  A,  by  multiplying  by  tTo^ 

22 

Osmotic  pressure  in  atmospheres  =  A  x  ^ru^' 

1  .00 

The  freezing-point  method,  on  account  of  the  ease  with  which  it 
can  be  carried  out,  furnishes  the  best  means  of  measuring  the  osmotic 
pressure  of  solutions  in  solvents  which  freeze  near  the  ordinary 
temperature. 

The  freezing-point  method  has,  indeed,  three  distinct  applica- 
tions :  The  determination  of  the  molecular  weights  of  non-electro- 
lytes in  solution;  the  measurement  of  the  electrolytic  dissociation 
of  electrolytes ;  and  the  measurement  of  the  osmotic  pressure  of 
both  electrolytes  and  non-electrolytes.     Each  of  these  applications 

*  The  constants  for  a  large  number  of  solvents  are  given  by  Biltz,  in  PraC' 
tical  Methods  for  Determining  Molecular  Weights,  p.  106.    From  these  the 
latent  heats  of  fusion  are  calculated  by  the  VanH  HofiE  equation. 
Q 
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has  been  discussed  at  sufficient  length,  and  we  now  pass  to  another 
property  of  solutions. 


LOWERING  OF  THE  VAPOR-TENSION  OF  SOLVENTS  BY  DIS- 
SOLVED SUBSTANCES  (RISE  IN  BOILING-POINT) 

Earlier  Work.  —  Every  solvent  has,  under  a  given  pressure,  a 
definite  temperature  at  which  it  freezes.  So,  also,  every  solvent,  at 
a  given  temperature,  has  a  definite  vapor-pressure.  We  have  seen 
that  the  presence  of  a  foreign  substance  in  solution  lowers  the 
freezing-point.  We  shall  now  learn  that  the  presence  of  a  dissolved 
substance  lowers  the  vapor-tension  of  the  solvent,  unless  the  dis- 
solved substance  has  itself,  under  the  conditions,  an  appreciable 
vapor-tension. 

The  mere  qualitative  fa«t  was  early  observed,  and  quantitative 
measurements  were  made  early  in  the  century  by  Faraday  and 
others.  The  first  to  arrive  at  any  generalization  of  importance  in 
this  field  was  Wllllner.'  He  studied  especially  aqueous  solutions  of 
salts,  and  compared  directly  the  vapor-tensions  of  the  solutions  with 
those  of  pure  water  at  the  same  temperature.  He  found  that  the 
lojvering  of  the  vapor-lension  of  ioater  by  non-volalile,  dissolved  sub- 
stances is  proportional  to  the  amount  of  stibslance  present.  This  is 
evidently  analogous  to  the  law  of  Klagden  for  freezing-point  lower- 
ing, and,  as  we  shall  see,  like  the  latter  is  only  an  approximation 
which  holds  in  certain  cases. 

About  a  quarter  of  a  century  later  Tammann'  studied  more 
carefully  the  vapor-pressure  of  aqueous  solutions  of  salts.  He  found 
that  the  molecular  lowerings  of  the  vapor-pressure,  produced  by 
sails  which  were  of  similar  composition,  were  very  nearly  the  same. 
He  also  pointed  out  that  the  law  of  Wullner  is  only  an  approximation, 
the  depression  of  the  vapor-tension  increasing  in  some  cases  more 
rapidly,  in  others  leas  rapidly  than  the  concentration. 

The  experiments  of  Emden '  were  made  with  the  best  apparatus 
which  had  been  used  up  to  that  time.  He  confirmed  a  relation  which 
had  been  early  pointed  out  by  Von  Babo,  that  the  relation  between 
the  vapor-preasure  of  the  solution  and  the  solvent  is  independent  of 
the  temperature,  at  least  from  20°  to  95°. 

While  the  work  of  Walker'  really  belongs  to  a  later  period  than 

1  Fogp.  Ann.  103,  629  (1858)  ;  105,  85  (1S58)  ;  110.  564  (1860). 
'  IVifd.  Ana.  M,  523  (1885).  '  Ibid.  SI.  U5  (1887). 

<  Ztsclir. pkg$.  Chem.  2,  602  (1888). 


SOLUTIONS  227 

that  of  Raoult,  which  will  be  taken  up  next,  it  seems  best  to  deal 
with  it  in  this  connection.  Walker  measured  the  vapor-pressure  of 
salt  solutions  at  low  temperatures,  using  a  very  simple  apparatus. 
It  consisted  of  three  Liebig  bulbs  and  a  U-tube.  Bulbs  1  and  2  con- 
tained the  solution  to  be  investigated,  bulb  3  distilled  water,  and 
the  U-tube  pumice  moistened  with  sulphuric  acid.  The  whole  was 
kept  at  a  constant  temperature.  A  slow  current  of  air,  dried  over 
sulphuric  acid,  was  drawn  through  the  entire  system.  The  air,  in 
passing  through  the  solution,  took  up  an  amount  of  water  corre- 
sponding to  the  vapor-pressure  of  the  solution.  The  second  tube 
containing  the  solution  lost  but  little  water,  and,  therefore,  this 
solution  underwent  no  appreciable  change  in  concentration.  The 
air  passed  from  the  solution  into  the  pure  water,  and  here  took  up 
more  water,  since  the  vapor-tension  of  the  solvent  was  greater  than 
that  of  the  solution.  The  air,  now  saturated  at  the  temperature  of 
the  experiment,  was  then  passed  over  the  sulphuric  acid,  to  which  it 
gave  up  practically  all  the  water  which  it  had  taken  both  from  the 
solution  and  the  solvent.  Walker  states '  that  the  average  time  of 
an  experiment  was  twenty-two  seconds.  After  the  experiment  was 
ended  each  tube  was  weighed,  and  it  was  thus  determined  how  much 
water  was  taken  up  from  the  solutions  and  how  much  from  the  pure 
solvent.  The  ratio  of  the  loss  in  weight  of  the  pure  solvent,  to  the 
gain  in  weight  of  the  tube  containing  sulphuric  acid,  gives  the  rela- 
tive lowering  of  the  vapor-pressure.  The  method  is  obviously  very 
simple  and  can  be  rapidly  carried  out.  By  means  of  it  we  can  easily 
study  the  vapor-pressures  of  dilute  solutions  at  low  temperatures. 
The  results  obtained  agree  closely  with  those  of  Emden. 

The  Work  of  Raoult.  —  We  have  seen  that  the  work  of  Raoult 
marked  a  new  epoch  in  cryoscopic  investigations.  We  shall  now 
see  that  his  work  on  vapor-tension  threw  new  light  on  this  entire 
field,  and  is  by  far  the  most  important  which  has  ever  been  done  on 
this  subject. 

The  earlier  investigators  had  chiefly  used  water  as  the  solvent, 
and  electrolytes  (especially  salts)  as  the  dissolved  substances.  We 
have  seen  that  this  is  just  the  solvent  which  produces  electrolytic 
dissociation,  and  the  electrolytes  the  dissolved  substances  which 
undergo  dissociation.  And  the  amount  of  the  dissociation  depends 
upon  the  dilution  of  the  solution.  Under  such  condition  it  was, 
then,  almost  hopeless  to  try  to  discover  relations  or  to  arrive  at 
any  wide-reaching  generalization. 

1  Ztschr.  phys.  Chem.  2,  603  (1888). 
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Raoult'  used  a  solvent  which  has  but  little  diaaociating  power, 
and  which  has  a  high  vapor-tensioii  at  ordinary  temperatures.  He 
worked  with  solutioua  iu  ether.  The  substances  which  wefe  dis- 
solved in  the  ether  were  organic  compounds,  which  would  not  be 
dissociated  by  even  the  strongest  dissociating  solvent,  and  still  less 
by  ether. 

Raoult  used  glass  tubes  of  1  cm.  internal  diameter,  in  which  to 
measure  the  vapor-pressure  of  solvent  and  solution,  and  took  great 
precautions  in  reference  to  keeping  the  whole  at  a  known,  constant 
temperature.  Corrections  were  introduced  for  the  iucrease  in  the 
concentration  of  the  solution  due  to  the  formation  of  vapor,  for 
capillarity,  etc. 

He  did  moat  of  his  work  at  ordinary  temperatures,  but  studied 
the  effect  of  lemperaCure  on  the  vapor-pressure  of  ethereal  solutions. 
This  work  covered  the  range  from  0°  to  22°,  and  within  this  range 
the  relative  vapor-pressures  of  solution  and  solvent  were  constant. 
This  is  shown  by  the  following  results,  (  is  temperature,  /  is  the 
vapor-pressure  of  pure  ether,  and  /^  the  vapor-pressure  of  the 
solution. 
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Between  0°  and  22®  the  relative  vapor-pressure  is  evidently  inde- 
pendent of  the  temperature. 

Raoult  also  studied  the  effect  of  concentration  of  soliUion  on  the 
vapor-pressure  of  ethereal  solutions.  He  wished  to  use  substances 
which  are  soluble  in  all  proportions  in  ether,  but  all  such  have  an 
appreciable  vapor-tension.  He  chose  those  whose  vapor-tension  is 
lowest,  such  as  oil  of  turpentine,  aniline,  nitrobenzene,  ethyl  salicyl- 
ate, etc.    These  substances  boil  from  160®  to  222°. 

The  results,  extending  over  a  fairly  wide  range  of  concentration, 
show  that  in  general  the  relative  lowering  of  the  vapor-pressure  is 
proportional  to  the  concentration. 

The  most  important  point,  however,  which  was  tested  by  Raoult, 
was  the  effect  of  the  nature  of  the  dissolved  substance  on  the  vapor- 
pressure  of  ethereal  solutions,  and,  finally,  on  the  vapor-pressure  of 
solutions  in  different  solvents.  We  will  take  first  solutions  in  ether 
as  the  solvent.  A  number  of  difficultly  volatile  substances  were 
dissolved  in  ether,  and  the  lowering  of  the  vapor-tension  measured. 

The  relative  lowering  of  the  vapor-tension  was  determined, 

and  also  the  value  of  the  quotient  :i — -^,  where  N  represents  the 

number  of  molecules   of  the  substance  in  100  molecules  of  the 
solution. 


/-/' 

fN 

Hexachlorethane, 

CjCle         =237 

0.0100 

Nitrobenzene, 

CeHfiNOa  =  123     . 

0.0084 

Ethyl  benzoate, 

CsHioOa    =  150     . 

0.0095 

Benzoic  acid, 

C7He02      =122     . 

0.0097 

Trichloracetic  acid, 

C2CI8O2H  =  168.5  . 

0.0105 

Aniline, 

CcHtN      =    93     . 

0.0106 

Antimony  chloride, 

SbCla        =  228.3  . 

0.0087 

f—  f 
The  value  of         '     is  evidently  very  nearly  a  constant,  indepen- 

dent  of  the  nature  of  life  substance  dissolved  in  the  acetic  acid. 
The  mean  value  for  some  fourteen  substances  is  0.0098,  which  is 
very  close  to  0.01. 

The  Law  of  Raoult.  —  Raoult  employed  different  solvents,*  and 
determined  the  lowering  of  their  vapor-tension  produced  by  dissolved 


1  CompL  rend.  104,  1430  (1887). 
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If  we  represent  the  molecular  weight  of  the  dissolved 
subatance  by  M,  the  weight  o£  substance  in  100  grains  of  solvent  by 
P,  the  molecular  lowering,  C,  ia  expressed  thus :  — 


M. 


Raoult  used  twelve  volatile  liquids  as  solvents,  and  dissolved  in 
these  a  number  of  substauces  as  slightly  volatile  as  possible,  such 
as  cane  sugar,  glucose,  urea,  uaphthalane,  anthracene,  ethyl  benzoate, 
aniline,  nitrobenzene,  benzoic  acid,  etc.  He  found  the  following  re- 
markable relatiou:  "  If  we  divide  the  molecular  lowering  of  vapor- 
pressure,  C,  in  a  given  volatile  liquid,  by  the  molecular  weight  of 
the  liquid,  M',  the  qiiotieiU,  -—,  which  represents  the  relative  lower- 
ing of  pressure  produced  by  one  molecule  of  uon-volatile  substance 
in  one  hundred  molecules  of  solvent,  is  a  constant." 


»•"■ " 

,■ 

c 

JC 

Wattr 

19 

0.185 

0.0102 

137.6 

1.49 

0.0108 

Carbon  bimiiphide      . 

78.0 

0.80 

0.0105 

Tetrac  hi  ormethane 

164.0 

1.82 

0.0106 

Chloroform 

119.5 

1.30 

0.0109 

Amylene    . 

70.0 

0.74 

0.0106 

Benzene     . 

78.0 

0,83 

0.010(1 

Methyl  iodide 

142.0 

1.49 

0.0105 

Ethyl  bromide 

100.0 

1.18 

0.0109 

Ether 

74.0 

0.71 

0.0096 

Acetone      . 

m.o 

0.59 

0.010] 

Methyl  alcohol 

32.0 

0.33 

0.010S 

Although  the  values  of  Jf'  and  C  vary  as  greatly  as  in  the  above 
table,  the  ratio,  — ,  is  practically  constant,  and  has  the  value  0.0105. 

Raoult  states  his  law  as  follows : '  "  One  violeeide  of  a  non-xalinf, 
non^'tilcUile  subalatice,  dinanlved  in  one  hundred  molecules  of  any  Vfiiar 
tile  li(/uid,  lowers  the  vapor-jire^nure  of  tkis  liquid  by  a  nearly  constant 
fraction  of  its  value  —  aitproximately  0.0105."  This  law,  it  will  be 
,  recognized  at  once,  ia  strictly  analogous  to  that  discovered  by  Raoult 


'  Scientific  Memoira  Series,  rv,  127.     Edited  by  Ad 
«  ZtKhr.  phg:  Chem.  S,  373  (1888), 
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for  the  lowering  of  the  freezing-point  of  solvents.  It  will  be  shown 
a  little  later  that  the  two  classes  of  phenomena  are  very  closely  con- 
nected. 

Determination  of  Molecular  Weights  from  the  Lowering  of  Vapor- 
tension.  —  The  possibility  of  determining  the  molecular  weights  of 
dissolved  substances  by  measuring  the  lowering  of  the  vapor-tension 
of  solvents  produced  by  them,  was  clearly  pointed  out  by  Raoult^ 
The  law  of  Raoult  can  be  formulated  thus :  — 

in  which  n  is  the  number  of  molecules  of  the  dissolved  substance, 
N  the  number  of  molecules  of  the  solvent,  and  C  a  constant.  Since 
C  is  practically  unity,  the  above  expression  becomes :  — 

f-f  ^       n 
f         JV+n 

If  we  represent  the  molecular  weight  of  the  substance  by  M,  and 

the  weight  of  substance  used  by  ty,  n  = — .    Making  N=  1  and  sub- 

M 

stituting  this  value  of  n  in  the  above  expression,  we  have  — 

f-f  ^      w 

f         M^-w' 

Knowing  w,  /,  and  f,  we  can  calculate  M,  the  molecular  weight  of 
the  substance  in  question.  This  method  of  determining  molecular 
weights  has  never  found  extensive  application  in  the  laboratory, 
partly  on  account  of  the  comparative  difficulty  involved  in  measur- 
ing vapor-pressure,  and  chiefly  because  it  was  quickly  supplanted  by 
a  method  which  can  be  carried  out  far  more  accurately  and  rapidly 
in  practice.  Furthermore,  certain  serious  sources  of  error  in  the 
measurement  of  vapor-tension  have  been  pointed  out  by  Tammann.* 
If  there  is  present  as  an  impurity  in  the  solvent  any  more  volatile 
substance,  it  will  affect  the  vapor-pressure  very  considerably.  And, 
again,  if  the  solution  is  not  kept  actively  stirred,  the  layer  at  the 
surface  will  become  more  concentrated,  due  to  the  evaporation  of  the 
solvent  from  this  portion  of  the  solution.     The  vapor-tension  will, 

>  Scientific  Memoirs  Series,  IV,  127.    Edited  by  Ames  (Amer.  Book  Co.). 
»  Wied,  Ann.  82,  683  (1887). 
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then,  be  that  of  the  more  concentrated  solution,  and,  consequently, 
lower  than  the  trwe  vapor-tension  of  the  solution. 

The  Work  of  Beckmann.  —  Beckmann '  began  hia  work  by  im- 
proving the  method  for  measuring  vapor-tension,  but  soon  abandoned 
the  vapor-tension  method  altogether  aa  a  means  of  determining 
molecular  weights.  Instead  of  determining  the  relative  vapor-teu- 
sions  of  solvent  and  solution  at  a  given  temperature,  he  determined 
the  tempei'atures  at  which  both  solvent  and  solution  have  the  same 
vapor- pressure.  It  was  found  to  be  especially  convenient  to  deter- 
mine the  temperatures  at  which  the  vapor-pressures  of  the  liquids 
are  just  equal  to  the  pressure  of  the  atmosphere.  In  a  word,  to 
determine  the  boiling-points  of 
the  pure  solvent  and  of  the  solu- 
tion, since  the  boiling-poiuts  are 
temperatures  of  equal  vapor- 
pressure. 

We  have  seen  that  the  vapor- 
tension  of  a  solvent  is  greater 
than  that  of  a  solution  at  the 
same  temperature.  The  boiling- 
point  of  the  solvent  is,  therefore, 
lower  than  that  of  the  solution. 
The  method  aa  carried  out  by 
Beckmann  consists  in  determin- 
ing the  rise  in  Ike  boHing^int 
of  a  solvent  produced  by  a  dis- 
solved, n on- volatile  substance. 

The  iijiparatiis  first  devised* 
by  Beckmann  for  determining 
the  boiling-points  of  solvents  and 
solutions  has  been  so  greatly  im- 
proved that  it  is  now  of  hardly 
more  than  historical  interest. 
The  best  form*  which  has  ever 
been  suggested  by  Beckmann  is 
shown  in  Fig.  27.  The  glass 
tube  A  contains  the  liquid  whose 
boiling-point  is  to  be  determined. 
Into  this  liquid  the  thermometer  dips,  as  shown  in  the  figure.     In 


■  ZlKhr.  phijs.  Chem.  4,  532  (1889). 

»  Ibid.  *,  644  (1889).  »  Ibid.  >,  226  (1801). 
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the  bottom  of  the  tube  are  placed  glass  beads,  garnets,  or  platinum 
scraps,  so  as  to  secure  a  more  uniform  rate  of  boiling.  A  condenser 
is  attached  to  the  tube  Ay  as  shown  in  the  figure.  This  tube  is  sur- 
roimded  by  a  double-walled  glass  jacket  B^  into  which  is  introduced 
some  of  the  same  liquid  whose  boiling-point  is  to  be  determined  in 
A.  This  is  also  provided  with  a  return  condenser.  The  liquid  in 
B  is  boiled  at  the  same  time  as  the  liquid  in  Ay  so  that  the  inner- 
most vessel  is  surrounded  by  a  layer  of  liquid  having  the  same 
boiling-point.  The  whole  apparatus  rests  upon  an  asbestos  box,  and 
heat  is  supplied  by  a  flame  placed  beneath.  Beckmann  has  devised 
a  number  of  modifications  *  of  this  apparatus,  but  in  the  opinion  of 
the  writer  none  of  them  represents  any  marked  improvement  on 
the  form  just  described. 

Carrying  out  a  Molecular  Weight  Determination  with  the  Beck- 
mann Apparatus.  —  The  pure  solvent  is  poured  into  the  tube  Ay  the 
filling-material  (beads  or  garnets)  introduced,  and  the  thermometer 
inserted  so  that  when  the  cork  is  forced  into  the  top  of  tube  A  the 
bulb  of  the  thermometer  is  entirely  covered  by  the  liquid,  but  does 
not  touch  the  glass  beads.  The  mercury  in  the  Beckmann  ther- 
mometer is  so  adjusted  that  the  top  of  the  column  comes  to  rest 
between  the  divisions  0°  and  1°  when  the  solvent  boils.  The  vessel 
A  is  then  carefully  cleaned  and  dried,  and  after  introducing  the 
filling-material  a  weighed  amount  of  the  solvent  is  poured  in.  The 
thermometer  is  inserted  and  the  condenser  attached.  Some  of  the 
pure  solvent  is  poured  into  the  vapor-jacket,  and  boiled  simulta- 
neously with  that  in  the  tube  A,  The  position  of  the  mercury  is 
carefully  noted  on  the  thermometer,  after  the  solvent  has  boiled 
about  twenty  minutes,  and  the  barometer  is  also  very  carefully  read. 
The  flame  is  now  removed  and  the  solvent  allowed  to  cool. 

The  substance  whose  molecular  weight  is  to  be  determined  is 
pressed  into  tablets,  weighed,  and  introduced  into  the  solvent.  The 
boiling  is  renewed  after  all  the  substance  has  dissolved,  and  the 
temperature  at  which  the  solution  boils  carefully  noted  on  the  ther- 
mometer. The  barometer  is  read  again,  and  if  any  change  has 
occurred,  the  proper  correction  ^  is  introduced  into  the  readings  on 
the  thermometer.  Care  must  always  be  taken  to  tap  the  thermome- 
ter before  making  a  reading.     The  difference  between  the  boiling- 

1  ZUchr,  phys.  Chem.  16.  656  (1894)  ;  17,  107  (1896) ;  18,  492  (1895)  ;  18, 
661  (1895)  ;  21,  245  (1896). 

2  For  details  see  Biltz :  Practical  Methods  for  Determining  Molecular 
Weights^  translated  by  Jones  and  King ;  also  Jones :  Freezing-pointy  Boiling^ 

pointy  and  Conductivity  Methods  (Chem.  Pub.  Co.). 
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point  of  the  aotvent  and  that  of  the  solution  is  the  rise  in  boiling-point 
produced  by  the  dissolved  substance. 

The  calculation  of  the  molecular  weight  of  the  dissolved  sub- 
stance from  the  rise  in  boiling-point  is  very  simple.  The  rise  in 
boiling-point  is  directly  proportional  to  the  lowering  of  the  vapor- 
pressure,  and,  therefore,  depends  upon  the  relative  number  of  mole- 
cules of  the  solvent  and  of  the  dissolved  substance.  If  we  represent 
the  unknown  molecular  weight  by  jn,  the  weight  of  the  substance 
used  by  w),  the  weight  of  the  solvent  by  W,  and  the  rise  in  the 
boiling-point  of  the  solvent  by  R,  we  have  — 


"  Ji  IK 


n 


The  value  C  is  a  constant  for  every  solvent,  and  is  the  molecular 
rise  in  the  boiling-point  of  the  solvent  produced  by  a  completely 
undissociated  substance.  It  can  be  either  determined  experimentally, 
or  can  be  calculated  by  a  method  which  will  be  described  later. 
Molecular  weights,  as  determined  by  the  boiling-point  method,  usu- 
ally are  the  simplest  possible,  though  there  are  many  exceptions  to 
this  generalization. 

Improvements  in  tlie  Boiling-point  Apparatus  of  Beckmann.  — A 
number  of  modilications  of  the  Beckmann  apparatus  have  been  pro- 
posed, in  addition  to  those  suggested  by  Beckmann  himself.  Hite  ' 
introduced  one  glass  tube  into  another,  and  placed  the  thermometer 
in  the  innermost  tube,  in  order  that  the  cold,  recondensed  solvent 
might  not  come  in  contact  with  the  thermometer  before  it  had  been 
reheated.  He  also,  by  means  of  a  glass  cap  into  which  notches  had 
been  filed,  caused  the  steam  to  rise  in  very  fine  bubbles  through  the 
liquid  just  around  the  bulb  of  the  thermometer.  He  thought  that 
in  this  way  he  could  secure  a  better  stirring  of  the  liquid  just  around 
the  thermometer.  The  apparatus  of  Hite  is  undoubtedly  an  im- 
provement on  any  which  had  b*-en  proposed  up  to  that  time.  In  an 
attempt  to  improve  the  Hite  apparatus,  Jones '  devised  and  used 
the  following  form  (Fig-  28).  Into  the  glass  tube  A,  some  glass 
beads  or  garnets  are  introduced.  To  the  side  tube  A,  the  condenser 
is  attached.  Into  the  beads  a  cylinder  of  platinum  P  is  inserted  by 
placing  the  finger  upon  the  top  of  the  cylinder  and  gently  shaking 
the  whole  apparatus.  The  liquid  whose  boiling-point  is  to  be  deter- 
mined is  introduced  into  A  until  the  bulb  of  the  thermometer,  placed 


1  Amrr.  Chrm.  Juurit.  IT,  607  (18%). 


»  Ibid.  19,  581  (1807). 


as  shown  id  the  figure,  is  covered.  The  liquid  must  not  come  within 
a  centimetre,  or  a  centimetre  and  a  half,  of  tlie  top  of  the  platinum 
cylinder.  The  tube  A  is  sur- 
rounded by  a  thick  jacket  of 
asbestos  J,  and  rests  on  an  as- 
bestos board  in  which  a  circular 
hole  is  cut,  and  over  which  a 
piece  of  wire  gauze  is  laid.  Heat 
is  supplied  by  means  of  a  very 
small  flame  B,  placed  beneath  the 
apparatus  and  protected  by  a 
metallic  screen  as  shown  in  the 
drawing. 

The  essential  difference  be- 
tween this  apparatus  and  other 
forms  is  the  platinum  cylinder 
which  is  introduced  into  the  boil- 
ing hquid  The  object  of  this 
cylinder  is  twofold.  It  preTCnts 
the  cooled  recondensed  solvent 
from  coining  in  contact  with  the 
thermometer  before  it  is  reheated 
to  the  boiling-point  It  reduces 
the  effect  of  radiation  to  a  mini- 
mum If  the  bulb  of  the  tber 
moraeter  13  surrounded  only  by 
the  boiling  liquid,  or  even  if  a 
layer  of  asbestos  is  wrapped 
around  the  glass  tube,  heat  will 
be  radiated  out  from  the  hot  bulb 
on  to  colder  objects  m  the  neigh 
borhood.  The  temperatme  of 
the  bulb  will  always  tend  to  be 
a  little  lower  than  thit  of  the 
boiling  liquid  in  whi<h  it  is  i^^ 
immersed.  By  surrounding  the 
bulb  with  a  piece  of  metal  as 
nearly  as  po.ssible  at  the  same 
temperature  as  the  bulb  itself, 
the  effect  of  radiation  is  reduced 
to  a  minimum. 

The  apparatus  is  exceedingly  simple,  and  when  appH' 
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determination  of  molecular  weights  of  dissolved  substances,  was 
found  to  give  good  results  in  both  low-boiling  and  high-boiling 
solvents.'  Another  application  of  this  method  will  be  considered 
a.  little  later. 

The  Apparatus  of  Landsb«rger  ai  modified  by  Walker  and 
Lnmsden.  —  The  apparatus  of  Laudsberger '  is  based  upon  a  some- 
what different  principle,  especially  with  respect  to  the  method  of 
beating  the  liquid. 
The  solvent  or  so- 
lution is  heated 
to  the-boiling-poiut 
by  means  of  the 
vapor  of  the  pure 
solvent.  The  ap- 
paratus, as  modi- 
fied by  Walker  and 
Ltunsden,  is  shown 
in  Fig.  29. 

A  flask  P  con- 
tains   the    boiling 
solvent    The  vapor 
]s  led  through  the 
tube    B    into    the 
tube  ^,  which  con- 
tains the  solution. 
This  is  surrounded 
by  a  larger  tiibe  E, 
which  is  connected 
with  a  condenser  C. 
The  vapor  escapes 
from     jV    through 
the    hole    H,    and 
there     is     conse- 
quently a  layer  of 
vapor  between  N  and  E.    The  lower  end  of  E  contains  a  number 
of  perforations  through  which  the  vapor  escapes.     The  bulb  JT  pre- 
vents the  liquid  from  spattering  through  the  opening  H. 

The  pure  solvent  is  poured  into  If  until  the  bulb  of  the  thei^ 
mometer  is  just  covered.     The  pure  solvent  in  ^  is  boiled  after 


1  Amtr.  Chem.  Joum.  Ifl.  590  (18B7), 
■  £er.  d.  chtm.  Oet^l  31,  458  (18S3). 
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introducing  some  fragments  of  porcelain,  and  the  vapor  quickly  boils 
the  liquid  around  the  thermometer.  After  this  point  is  determined 
on  the  thermometer  the  tube  is  emptied,  and  a  quantity  of  solution 
containing  a  known  amount  of  dissolved  substance  in  a  given  volume 
is  added.  The  boiling-point  of  the  solution  is  determined  in  the 
same  manner  as  that  of  the  solvent.  The  solution  is  continually 
changing  concentration  due  to  the  condensation  of  vapor  from  the 
vessel  F.  After  the  boiling-point  of  the  solution  is  determined,  the 
inner  tube,  with  thermometer  and  delivery  tube,  are  weighed. 
Knowing  the  weight  of  this  part  of  the  apparatus  empty,  and  the 
weight  of  the  substance,  we  know  the  weight  of  the  solvent. 

If  a  number  of  determinations  are  desired,  using  the  same  quantity 
of  substance,  the  passage  of  the  vapor  is  interrupted  from  time  to 
time,  the  boiling  temperature  read,  and  the  amount  of  solvent  present 
determined.  In  such  cases  the  volume  of  the  solvent  is  read  off,  the 
tube  j^  being  graduated  for  this  purpose.  In  reading  the  volume 
the  thermometer  and  delivery  tube  are  removed  in  each  case  from 
the  solution.  The  object  of  heating  the  solution  by  means  of  its  own 
vapor  is  to  prevent  any  superheating,  such  as  may  take  place  when 
a  flame  is  applied  directly  to  the  solution.  The  method  as  devised 
by  Landsberger,  and  as  modified  by  Walker  and  Lumsden,  yielded 
good  results  in  their  hands  when  applied  to  the  problem  of  molecular 
weight  determinations. 

Measurement  of  BiBsociation  by  Means  of  the  Boiling-point 
Method.  — We  have  already  seen  how  the  freezing-point  method  can 
be  applied  to  the  measurement  of  electrolytic  dissociation  in  solvents 
which  freeze  near  the  ordinary  temperatures.  There  are,  however, 
many  of  our  most  common  solvents  which  do  not  freeze  at  tempera- 
tures to  which  that  method  is  applicable,  such  as  the  alcohols, 
acetones,  esters,  etc.  In  many  such  cases  we  have  absolutely  no 
method  for  measuring  the  dissociation  in  these  solvents,  unless  the 
boiling-point  method  could  be  applied.  Jones  and  King^  attempted 
to  apply  the  boiling-point  method  to  this  problem,  using  the  apparatus 
which  had  been  designed  by  Jones.  They  measured  the  dissociation 
of  one  or  two  salts  in  ethyl  alcohol,  and  showed  that  concordant 
results  could  be  obtained. 

The  problem  was  subsequently  studied  far  more  extensively  by 
Jones,*  using  his  own  apparatus.  He  used  as  solvents  methyl  and 
ethyl  alcohols,  and  as  dissolved  substances,  potassium,  sodium,  and 

1  Amer.  Chem.  Journ.  19»  753  (1897). 

>  Ztschr.  phys.  Chem.  81,  114  (1800)  ( Jubelband  za  Van't  Hoff). 
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I  bromides  and  iodides,  potassium  aiid  sodium  acetates, 
aud  calcium  nitrate.  The  results  obtained  agreed  aatisfactorily  with 
one  another  to  within  a  per  cent  or  two,  and  made  it  veiy  probable 
that  electrolytic  dissociation  coidd  be  measured  by  this  boiling-point 
method  to  within  a  very  few  per  cent. 

The  relative  dissociating  power  of  different  solvents  is,  as  we 
shaJl  see,  of  more  than  the  average  interest,  especially  on  account  of 
certain  theoretiea!  queationa  which  are  involved.  The  dissociation 
o!  the  above-named  aalta  in  water,  and  in  ethyl  and  methyl  alcohols, 
is  given  in  the  following  table.  The  results  with  the  alcohols  are 
taken  from  the  measurements  of  Jonea,  using  the  boiling-point 
method. 
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0.1 

~ 

15 

'      1 

The  interpolations  by  which  the  above  values  were  obtained 

could  be  made  only  approximately,  therefore  the  values  of  the  disso- 
ciation are  given  only  in  whole  tiumbers.  It  will  be  observed  that 
the  dissociation  in  methyl  alcohol  is  more  than  half  of  that  in 
water,  wliite  the  dissociation  in  ethyl  alcohol  is  lesa  than  one-third 
of  that  in  water.  Further  relations  between  the  dissociating  power 
of  different  solvents  will  be  discussed  under  electrochemistry. 

The  Vapor-preisore  of  AmalgamB.  —  The  molecular  weights  of 
metals  dissolved  in  mercury  were  determined  by  the  amount  which 
they  lowered  the  freezing-point  of  the  mercury.  Their  molecular 
weights  have  also  been  determined  from  their  depression  of  the 
vapor-tension  of  mercury.  The  following  results  are  taken  from  the 
work  of  Ramsay  : ' — 

iJoiirn.  Chftn.  Sur.  5S,  B2I  (18B11). 
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MCTAL 

molbculab 

Weioiit 

Found 

Atomic 

W  BIGHT 

Lithium    . 
Sodium    . 
Calcium   . 
Barium    . 
Magnesium 
Zinc 

Gallium    . 
Manganese 
saver 

7.10 
21.6-15.1 

19.1 

75.7 
24.0-21.5 
70.1-65.4 

69.7 

55.5 
112.4 

7.02 
23.04 
40.1 

137.0 
24.3 
65.4 
69.9 
55.0 

107.9 

The  molecular  weights  of  most  of  the  metals  investigated  by 
Kamsay,  when  dissolved  in  mercury,  are  the  same  as  the  atomic 
weights,  showing  that  the  molecule  under  these  conditions  consists 
of  one  atom.  The  cases  of  calcium  and  barium  are  exceptions ;  their 
molecular  weights  being  one-half  their  atomic  weights.  This  would 
show  that  what  we  are  accustomed  to  call  the  atom  of  these  ele- 
ments is  capable  of  subdivision,  and  is  broken  down  in  the  presence 
of  mercury  into  two  parts. 

The  conclusion  that  the  atom  of  calcium  can  be  broken  down 
was  reached  by  Humphreys  and  Mohler,*  from  a  study  of  the  dis- 
placement of  certain  spectrum  lines  of  calcium  under  pressure. 
They  discovered  a  simple  relation  between  the  atomic  volumes  of 
the  elements  and  the  amount  by  which  their  lines  are  displaced 
when  the  vapor  is  subjected  to  pressure.  In  order  that  the  relation 
should  hold  for  calcium,  it  was  necessary  to  assume  that  the  atom 
had  broken  down  into  smaller  parts.  That  two  such  independent 
lines  of  research  should  lead  to  the  same  general  conclusion  is  cer- 
tainly suggestive. 

Belation  between  Lowering  of  Vapor-tencdon  and  Osmotic  Press- 
ure. —  De  Vries  ^  lias  shown  experimentally  that  a  proportionality 
exists  between  the  isotonic  coefficients  of  a  number  of  substances 
and  the  molecular  lowering  of  vapor-tension.  (Lowering  of  vapor- 
tension  and  rise  in  boiling-point  are,  of  course,  proportional.)  The 
following  results  are  taken  from  the  work  of  De  Vries :  — 


1  Astro- Physical  Journal,  8,  135  (1897). 

2  Ztschr.  phys.  Chem.  2,  427  (1888). 
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The  proportionality  between  lowering  of  vapor-tension  or  rise  in 
boiling-point  and  osmotic  pressure,  as  established  by  experiment,  is 
at  once  apparent. 

DemoaBtration  of  the  Relation  between  Lowering  of  Vapor-ten- 
sion (Rise  in  Boiling-point)  and  Osmotic  Pressnre.  —  The  relation 
between  osmotic  pressure  and  loivering  of  vapor- pressure  has  been 

derived  in  a  simple  manner  by  Arrheniua.'    The 

line  of  reasoning  is  as  follows :  — 

Given  a  vessel  of  the  form  shown  in  the 
figure,  closed  at  the  bottom  by  a  semi-permeable 
wall.  The  vessel  is  filled  with  a  solution  S,  and 
dips  into  another  vessel  containing  the  pure 
solvent  D.  The  apparatus  is  covered  with  a 
bell-jar,  and  exhausted.  Equilibrium  will  exist 
when  the  pressure  of  the  column  of  liquid  from 
the  surface  of  the  solvent  up  to  k,  is  equal  to  the 
osmotic  pressure.  When  equilibrium  is  estab- 
lished, the  vapor-pressure  of  the  solution  at  k 
must  be  just  equal  to  the  pressure  of  the  vapor 
of  the  solvent  at  this  point.  If  it  were  less, 
liquid  would  condense  in  A;  if  more,  it  would 
Fio.  30.  distil  out  of  ft,  and  there  would  not  be  equilib- 

rium, since  liquid  would  flow  either  out  or  in 
through  the  membrane.  If  /'  is  the  tension  of  the  vapor  of  the 
solution  at  k,  f  the  vapor-tension  of  the  solvent,  A  the  height  of 
the  column  of  liquid,  and  d  the  density  of  the  vapor,  we  have  — 

f=.f-hd. 

'  ZUchr.  pkyg.  Chem.  S,  116  (1889). 


SOLUTIONS  241 

The  Value  of  d.  —  Let  v  be  the  volume  of  a  gram-molecule  of  the 
vapor  of  the  solvent  D,  and  /  the  pressure  of  this  vapor :  — 

fv=:BT, 

RT 

If  Jf  is  the  molecular  weight  of  the  solvent,  — 

^-^ 
a  =  — , 

V 

d        f  RT 

The  Value  of  h,  —  Let  us  have  a  very  dilute  solution,  in  which  n 
gram-molecules  of  substance  are  contained  in  g  grams  of  solvent. 
From  Van't  HofPs  law  of  osmotic  pressure  we  would  have  — 

PV=  RT  X  n, 

in  which  P  is  the  osmotic  pressure  of  the  solution,  and  V  its  volume. 
Let  s  be  the  specific  gravity  of  both  solution  and  solvent  (they  are 
practically  the  same  for  very  dilute  solutions)  :  — 

Pz=ih  X  «; 

8 

Substituting,  PV=nRT=^  =  hg', 

hg  =  nRT     .-.  ;^  =  ?^^. 

9 

Substituting  the  values  h  = and  d  =  r-^-  into  the  equation 

f^^f—hdy  we  have  — 

r-f     riRT     Mf 
•^  "-^         g     ^RT 

_        nMf 

or,  •^-/-  =  — , 

/  9 

which  is  essentially  Raoult's  fundamental  equation  for  the  lowering 
of  the  vapor-pressure  of  a  solvent  by  a  dissolved  substance.    Kaoulfs 
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equation,  which  has  been  amply  verified  by  experiment,  is  uaiiaDy 
written  — 

/         y' 
where  JVIb  the  number  of  gram-molecules  of  the  solvent.     It  is  evi- 
dent that  N=  ^when  the  two  equations  become  identical. 

Relation  between  Bise  in  Boiling-point  and  Lowering  of  Freezing'- 
point.  -~~  Raoult  has  shown  experimentally  that  tlie  lowerings  of 
the  freezing-point  produced  by  some  eighteen  salts  stand  in  the  same 
relation  to  one  another  as  the  rise  in  boiling-point  produced  by  these 
same  substances.  The  same  relation  has  been  repeatedly  estab- 
lished by  subsequent  experiments. 

That  there  is  a  relation  between  the  two  is  demonstrated  theoreti- 
cally, by  the  fact  that  the  formula  which  is  used  to  calcidate  the 
freezing-point  constant  of  a  solvent  can  also  be  employed  to  calcu- 
late the  boiling-point  constant.  The  formula  deduced  (p.  224)  for  the 
freezing-point  constant,  (7=———,  gives  us  the  boiling-point  constant 
if  we  represent  by  T  the  absolute  temperature  at  which  the  solvent 
boils,  and  by  L  the  latent  heat  of  vaporization  of  the  solvent.  The 
boiling-point  constants  for  a  few  of  the  more  common  solvents  are 
given  below ;  — 

Acetaue       .    -    .17.1         Aniline    .     .    .  32.0 

Ether      ....  21.6        Benzene       .    .  20.1 

Ethjl  alcohol  .     .  11.7         Chloroform      .  3r..9 

Acetic  acid       .  25.S 

The  relations  between  osmotic  pressure,  freezing-point  lowering, 
and  rise  in  boiling-point  have  been  then  thoroughly  established  ex- 
perimentally, and  also  demonstrated  theoretically.  The  relation  be- 
tween each  and  the  other  two  has  been  taken  up  and  [minted  out. 
Each  of  these  properties  depends  only  on  the  number  of  parts  of  the 
dissolved  substance  with  respect  to  those  of  the  solvent;  it  is  a 
function  of  numbers.  It  does  not  matter  whether  the  dissolved 
particle  is  a  molecule  or  an  ion,  it  has  the  same  influence  on  all  of 
these  properties. 

These  three  properties  of  solutions  are  among  the  most  important 
from  a  physical  chemical  standpoint,  and  each  has  an  interest  pecul- 
iarly its  own.  But  the  fact  that  the  three  are  so  closely  related 
increases  our  interest  in  each,  and  makes  a  study  of  them  more  im- 
portant scientifically,  since  through  such  relations  we  arrive  at  wide- 
reaching  generalizations — the  highest  aim  of  scientific  inveetigatioa. 


Methyl  alcohol  ...  8.4 
Carbon  biBUlphidc  .  33.S 
WMw 6.1 
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DIFFUSION 


What  is  Diffusion?  —  When  a  solution  of  a  colored  compound, 
like  copper  sulphate,  is  placed  in  a  glass  cylinder  and  covered  with 
water,  the  color  is  seen  to  rise  gradually  in  the  cylinder,  and  finally 
extends  throughout  its  entire  length.  If  the  liquid  is  analyzed  after 
a  time,  it  will  be  found  that  the  copper  sulphate  has  passed  into  all 
parts  of  the  cylinder.  This  is  found  to  be  a  perfectly  general  prop- 
erty of  dissolved  substances.  They  always  tend  to  distribute  them- 
selves throughout  the  entire  solvent  until  all  parts  of  the  solution 
become  homogeneous.  This  applies  not  simply  to  solutions  border- 
ing on  the  pure  solvent,  but  also  to  one  solution  in  contact  with 
another.  If  the  two  solutions  are  of  the  same  substance,  the  dis- 
solved substance  will  always  pass  from  the  more  concentrated  to  the 
more  dilute  solution,  until  homogeneity  is  established.  If  the  two 
solutions  are  of  different  substances,  each  will  distribute  itself 
throughout  the  entire  mass  of  the  solvent  present,  until  each  has 
become  perfectly  homogeneous.  This  phenomenon  is  known  as  dif- 
fusion. 

It  is  not  easy  to  overestimate  the  importance  of  this  property  of 
dissolved  substances,  especially  from  the  standpoint  of  the  analytical 
chemist.  If  it  was  not  for  the  power  of  dissolved  substances  to  dif- 
fuse throughout  the  entire  solvent  present,  it  would  be  impossible  to 
keep  a  solution  homogeneous  for  any  appreciable  length  of  time..  If 
the  dissolved  substance  was  heavier  than  the  solvent,  it  would  collect 
at  the  bottom  of  the  solution ;  if  lighter,  it  would  collect  at  the  top. 
In  any  case  heterogeneity  would  result  —  the  solution  having  differ- 
ent concentrations  in  different  parts.  Under  such  conditions  stand- 
ard solutions  could  not  be  preserved  for  any  appreciable  time.  Since 
diffusion  exists  we  can  preserve  a  homogeneous  solution  for  any 
length  of  time,  provided  only  that  we  keep  all  parts  at  the  same  tem- 
perature. The  importance  of  this  property  is  at  once  evident;  we 
shall  now  study  it  quantitatively. 

Experiments  of  Graham.  —  The  first  experiments  of  any  consider- 
able importance  on  diffusion  were  those  of  Graham.^  He  did  away 
with  the  use  of  any  separating  membrane,  and  used  simply  wide- 
mouthed  vessels  into  which  the  solution  was  introduced.  The  vessel 
was  then  completely  covered  with  water,  allowed  to  stand,  and  the 
amount  of  substance  which  passed  out  by  diffusion  determined  after 
a  time.     He  found  that  the  rates  at  which  different  substances  dif- 

1  Phil.  Trans,  1860,  1,  805 ;  1861,  483.  Lieh,  Ann.  77,  66,  and  129  (1851)  ; 
80,  197  (1851). 
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fuse  varied  greatly  with  the  nature  o 
eral  difEused  more  rapidly  than  salts,  aud  the  different  salts  varied 
greatly  as  to  their  diffusibility.  Graham  found  that  the  constituents 
of  some  double  salts,  like  the  alums,  could  be  partly  separated  by 
means  of  diffusion.  He  showed  that  the  quantity  of  substance  whioh 
diffuses  in  a  given  time  is  roughly  proportional  to  the  concentration 
of  the  solution  orifiinalty  employed. 

Pick's  Law  of  Siffttsion.  —  The  first  to  arrive  at  any  broad  gen- 
eralization in  connection  with  the  phenomenon  of  diffusion  was  Fick, 
and  his  law  is  probably  the  most  important  which  has  ever  been  dis- 
covered in  connection  with  this  phenomenon.  Fick  stated  his  law 
thus : '  "  The  amount  of  salt  which  diffiiaes  through  a  giaen  a-osa-aection 
is  proportional  to  the  difference  in  concentration  of  two  cross-sections 
lying  iiifiiiitely  near  to  one  another,  or  is  proportional  to  the  difference 
in  cros»-aection." 

Weber's  Hethod  of  Heasniing  Biffmion.  —  After  Fick  had  pro- 
posed his  law  a  number  of  attempts  were  made  to  determine  its 
accuracy.  Weber'  devised  for  this  purpose  a  method  which,  for 
simplicity  and  accuracy,  far  exceeded  all  those  which  had  been  pre- 
viously used.  This  method  was  based  upon  a  principle  which  will 
be  considered  in  detail  under  electrochemistry.  A  brief  description 
of  the  principle  must  suffice  in  this  place.  If  two  plates  of  the  same 
metal  are  immersed  in  solutions  of  a  salt  of  that  metal  haviug  dif- 
ferent concentrations,  and  the  plates  connected,  we  have  an  element 
with  a  definite  electromotive  force.  The  electromotive  force  of 
such  an  element  depends  upon  the  difference  in  the  concentration 
of  the  two  solutions,  and  upon  this  fact  is  based  the  possibility 
of  measuring  diffusion  by  such  a  method. 

A  cylindrical  vessel  was  closed  at  the  bottom  by  an  amalgamated 
plate  of  zinc.  Upon  this  was  poured  a  concentrated  solution  of  a 
zinc  salt.  A  more  dilute  solution  of  the  same  zinc  salt  was  poured 
upon  the  more  concentrated,  and  on  the  surface  of  the  more  dilute 
solution  was  placed  a  second  plate  of  zinc.  The  two  zinc  plates 
were  the  electrodes,  and  the  electromotive  force  of  this  couple  at 
any  instant  depends  upon  the  difference  in  concentration  of  the 
two  solutions  at  that  particular  moment.  The  two  solutions  being 
placed  in  contact,  diffusion  of  the  zinc  salt  continually  took  place 
from  the  more  concentrated  to  the  more  dilute  solution.  The  dif- 
ference in  concentration  became  continually  less,  and,  consequently, 
the  electromotive  force  of  the  element  became  gradually  smaller. 


SOLUTIONS 


245 


When  the  two  solutions  had,  by  diffusion,  become  of  the  same  con- 
centration, the  electromotive  force  would  of  course  entirely  disappear. 
Testing  the  Law  of  Fick.  —  If   we   apply  Fick's  law   to  this 
method,  we  obtain  the  following  expression  when  the  time  is  long :  — 

E=Ae    ^*  . 

H  is  the  height  of  the  vessel  used  in  the  experiment,  t  is  the  time 
of  the  experiment,  and  ^  is  a  constant. 

If  the  law  of  Fick  is  true,  the  expression  — -k  is  a  constant, 

independent  of  the  time  during  which  the  experiment  has  lasted. 
Weber  tested  this  point  experimentally  and  obtained  the  following 
values :  —  ^  »« . 

DATS  -* 


4-  5 

0.2032 

6-  6 

0.2066 

6-  7 

0.2045 

7-  8 

U.2027 

8-  9 

0.2027 

9-10 

0.2049 

10-11 

0.2049 

These  results  confirm  at  once  the  correctness  of  the  law  of  Fick. 

The  law  has  been  further  tested  by  a  number  of  different  experi- 
menters, using  different  methods.  Scheffer^  covered  the  solution 
with  pure  water,  and  determined  the  amount  of  substance  which 
diffused  upward  into  the  water.  He  determined  also  the  influence 
of  concentration  on  the  value  of  the  diffusion  constant  k.  The  fol- 
lowing results  are  taken  from  his  paper,  —  n  is  the  number  of  mole- 
cules of  water  to  one  molecule  of  substance,  t  is  the  temperature :  — 


t 

n 

k 

Sulphuric  acid 

11°.3 

71.3 

1.12 

Sulphuric  acid . 

7°.  6 

686.0 

1.03 

Nitric  acid 

9°.0 

7.3 

2.00 

Nitric  acid 

9^.6 

73.5 

1.77 

Nitric  acid 

9°.0 

426.0 

1.74 

Hydrochloric  acid    . 

11°.5 

7.5 

2.74 

Hydrochloric  acid    . 

11°.0 

108.0 

1.84 

Ammonia 

4°.  5 

15  9 

1.06 

Ammonia 

4°.  6 

84.5 

1.06 

Sodium  hydroxide 

8°.0 

329.0 

1.05 

Sodium  hydroxide 

8°0 

329.0 

1.04 

Calcium  chloride 

8°.  6 

19.1 

0.70 

Calcium  chloride 

10°.0 

27.6 

0.71 

1  Ber,  d.  chem,  Gesell  16,  788 ;  16, 1903  (1882-1883).   Ztschr.  phys.  Chem,  2, 
390  (1888). 
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With  the  exception  of  hydrochloric  acid,  the  constant  varies  only 
slightly  with  the  concentration,  as  would  follow  from  the  law  of  Fick. 

Stefaii '  showed  from  the  law  of  Fick  as  applied  to  a  long  vessel, 
that  the  (juaiitity  a,  which  diffused  through  a  given  area  q,  should  be 
expressed  thus ;  —  .t^ 

This  was  tested  experimentally  by  Voigtlajider,'  who  worked  with 
solutions  in  solid  agar-agar  jelly.  It  had  already  been  shown  by 
Graham,'  and  it  was  subsequently  confirmed  by  Voigtlander,  that  the 
rate  of  diffusion  was  essentially  the  same  in  the  jelly  as  in  water. 
The  advantages  in  using  jelly  instead  of  water  in  studying  diffusion 
are  obvious.  The  effect  of  jarring  the  solution  would  be  lessened,  and 
there  would  be  far  less  mixing  of  the  solution  due  to  currents  pro- 
duced by  unequal  heating  of  different  parts  of  the  mass.  By  work- 
ing with  jelly  solutions  it  was,  then,  possible  to  carry  out  diffusion 
experiments  extending  over  a  much  greater  period  of  time  than  had 
been  practicable  with  aqueous  solutions.  Voigtlander*  worked  with 
a  0.72  per  cent  solution  of  sulphuric  acid.  He  allowed  this  to  diffuse 
into  a  cylindei'  containing  agar-agar,  and  determined  the  amount  a, 
which  diffused  through  a  square  centimetre  in  a  given  time  (.  All 
the  values  of  re  were  calculated  on  the  basis  of  60  minutes,  hence  the 
value  60  in  the  following  constant. 


Tw. 

....„„,„„.. 

6  minutes 

0.30 

1,04 

40  minulea 

0.88 

1  r>R         ^H 

120  mliiuteg 

1.48 

1.0&       M 

300  miimtea 

2.44 

1.00       ^1 

900  minutaa 

4..30 

1.11        V 

1020  minutes 

4.01 

1. 10 

2880  juinuies 

7.06 

1.03 

These,  and  other  similar  results  obtained  by  Voigtlander,  agree 
with  the  formula  deduced  by  Stefan,  and  confirm  the  law  of  Fick, 

Voigtlander'  also  determined  a  number  of  diffusion  constants  of 
acids,  bases,  and  salts;  and  the  temperature  coefficients  between 
O'-liO',  and  'iO'^Q', 


I  Wim.  Akad.  a*.  78.  161  (187B). 
<  7.l»rhr.  jihft.  Clum.  8,  »10  (1880). 
■  Phil.  Trant.  1801,  p.  183. 


*  Ztnehr.phjis.  Chem.  3,  321  (IMW^J 

ZJ 
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The  law  of  Fick  has  also  been  tested  and  confirmed  repeatedly 
by  subsequent  work,  so  that  it  can  now  be  regarded  as  a  well-estab- 
lished law  of  nature. 

The  Cause  of'Diffnsion.  —  What  is  the  cause  of  diffusion?  What 
force  operates  to  drive  the  dissolved  substance  into  all  parts  of  the 
solvent  until  the  whole  becomes  homogeneous  ?  To  obtain  an  answer 
to  this  question  we  must  go  back  to  the  fundamental  law  of  diffu- 
sion —  the  law  of  Fick.  Diffusion  depends  upon  difference  in  con- 
centration, and  upon  this  alone,  temperature  being  constant. 

This  suggests  at  once  the  law  of  Boyle  for  the  osmotic  pressure  of 
solutions.  Osmotic  pressure  is  proportional  to  concentration ;  i,e.  it 
depends  upon  the  difference  in  concentration  of  the  solution  and  pure 
solvent,  or  of  one  solution  and  another.  Since  diffusion  depends 
upon  difference  in  concentration,  and  osmotic  pressure  depends  upon 
difference  in  concentration,  the  question  arises,  is  not  osmotic  press- 
ure the  cause  of  diffusion  ? 

We  shall  see  that  this  is  very  probably  tjie  case.  In  the  first 
place,  Boyle's  law  for  osmotic  pressure  is  strictly  analogous  to  the 
law  of  Fick  for  diffusion.  Again,  the  law  of  Gay-Lussac  for  osmotic 
pressure  holds  for  the  temperature  coefficient  of  diffusion,  as  we 
have  already  seen.  The  principle  of  Soret  is  but  an  expression  of 
this  fact.  It  will  be  remembered  that  the  change  in  concentration 
of  a  homogeneous  solution,  produced  by  keeping  the  different  parts 
at  different  temperatures,  is  about  yf^  of  the  original  concentration  for 
every  difference  of  one  degree  in  temperature.  Here,  then,  we  have 
two  fundamental  laws  of  osmotic  pressure  applying  to  diffusion. 

Diffusion  in  solutions  takes  place  very  slowly,  as  we  saw  when 
discussing  the  principle  of  Soret,  while  diffusion  in  gases  quickly 
establishes  equilibrium.  This  is  just  what  we  should  expect,  even 
if  osmotic  pressure  is  exactly  equal  to  gas-pressure  under  the  same 
conditions.  Equilibrium  is  established  quickly  in  gases  because 
there  is  comparatively  little  inner  friction  and  the  particles  can 
move  freely.  The  friction  in  solutions  is  much  greater,  due  to  the 
presence  of  the  solvent,  and,  consequently,  the  dissolved  particles 
move  through  the  solvent  much  more  slowly  than  the  gas  particles 
through  space.  Inner  friction  is,  then,  the  chief  cause  for  the  long 
time  required  for  diffusion  to  establish  equilibrium. 

To  summarize,  we  can  say  that  osmotic  pressure  and  diffusion 
obey  the  same  laws,  and  the  former  is  either  the  cause  of  the  latter, 
or  they  both  have  a  common  cause.  Since  we  know  of  no  such  com- 
mon cause  we  are  justified  in  ascribing  diffusion  to  osmotic  pressure, 
and  in  regarding  the  latter  as  the  cause  of  the  former. 
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Nemat's  Theory  connecting  Siffniion  and  Osmotic  Preunre. — The 

relation  between  ililfusion  and  osmotic  pressure  was  brought  out  very 
clearly  by  Nernst'  in  his  well-known  paper  on  the  "Theory  of  Dif- 
fusion." Van't  Hoff  had  just  shown  the  close  analogy  which  exists 
between  the  osmotic  pressure  of  dissolved  substances  and  the  gas- 
pressure  of  gases.  Diffusion  in  gases  was  known  to  be  due  to  the 
same  cause  as  gas-presaure,  i.e.  in  terms  of  the  kinetic  theory,  to  the 
movements  of  the  gas  particles;  and  the  gas  particles  would  move 
from  a  region  of  higher  to  that  of  lower  pressure  until  equilibrium 
was  established.  Nernst  saw  clearly  that  there  was  a  close  analogy 
between  diffusion  in  gases  and  diffusion  of  dissolved  substances,  the 
chief  diEFerence  being  in  the  time  required  to  establish  equilibrium. 
On  the  basis  of  these  analogies  Nernst  made  the  following  calcula- 
tions, which  will  be  given  in  his  own  words  for  non-electrolytes, 
since  this  is  much  simpler  than  for  electrolytes :  — 

"Given,  for  the  sake  of  simplicity,  a  diffusion  cylinder  of  con- 
stant cross-section,  anjj.  let  us  assume  that  the  concentration  in  every 
cross-section  is  the  same.  If  there  is  an  osmotic  pressure  p  at  the 
place  X,  in  the  layer  qrix  there  exists  a  pressure  on  the  substance  in 
solution  of  —  ^lip.  If  c  is  the  concentration,  i.e.  the  number  of 
gram-molecules  of  the  substance  in  question  contained  in  a  cubic 
centimtitre,  the  force  which  at  the  place  x  acts  on  every  gram- 
molecule  ia  —  —j—  = -■    If  we  designate  by  IC  the  force  which 

must  act  on  a  gram-molecule  in  solution,  in  order  to  move  it  with 
the  velocity  of  one  centimetre  per  second,  we  have  — 


S  = 


Kdx' 


the  amount  of  substance  in  gram -molecules  which  wanders  through 
the  cross-section  q  in  time  z,  if  two  layers  about  one  centimetre  apart 
show  a  difference  of  one  in  concentration.  In  the  cases  where  the 
dissolved  substance  does  not  polymerize  with  increasing  concentra- 
tion, the  osmotic  pressure  ia  proportional  to  the  concentration,  i.e. 

where  po  ia  Uie  pressure  in  a  solution  of  unit  concentration,  and  we 
obtain  — 

Kdx'  ^' 


S  =  - 
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Since,  however,  in  such  great  dilutions  that  the  friction  of  the  mole- 
cules of  the  dissolved  substance  against  the  molecules  of  the  solvent 
is  great  with  respect  to  their  friction  against  one  another,  K  is  inde- 
pendent of  the  concentration ;  the  elementary  law  of  Fick  for  diffu- 
sion is  at  once  derivable  from  the  last  expression.  This  law  should 
hold  rigidly  for  dilute  solutions.  At  greater  concentrations,  on  the 
other  hand,  deviations  can  arise,  for  the  two  following  reasons: 
First,  the  force  ^can  change  with  the  concentration;  second,  the 
proportionality  between  p  and  c  can  cease  to  exist." 

From  the  law  of  Fick  the  amount  of  salt  /S,  which  passes  through 
the  cross-section  q  of  the  diffusion  cylinder  in  time  «,  if  at  x  in  the  en- 
tire cross-section  there  is  a  concentration  c  (at  05  4-  da;  this  is  c  +  dc)  is, 

S=-k'qz  |,  (2) 

where  W  is  the  diffusion  coefficient  for  a  given  substance  in  a  definite 
solvent. 

From  (1)  and  (2)  we  have ;  — 

A:'  =  ^  (cm.2  sec.-^). 

In  calculating  diffusion  coefficients  the  units  are  the  centimetre 
and  day.    If  we  designate  this  by  A:,  we  have  — 

A:  =  ^  8.64  -h  10* 

(since  there  are  8.64  4- 10*  seconds  in  a  day). 

The  pressure  p^  is  obtained  from  the  volume  occupied  by  a  gram- 
molecular  weight  of  a  gas  at  0°,  and  one  atmosphere  of  pressure,  ?.e. 
the  volume  occupied  by  2  grams  of  hydrogen  or  32  grams  of  oxygen 
under  a  pressure  of  one  atmosphere.  According  to  the  work  of 
Regnault  this  volume  is  22,380  cm.  for  hydrogen,  and  22,320  cm.  for 
oxygen.  If  we  take  the  mean  22,350,  we  have  the  following :  To 
compress  a  gram- molecular  weight  of  a  gas  at  f  to  a  volume  of  one 
centimetre  would  require  a  pressure  in  atmospheres  of  — 

22,350  (l  +  a<)=Po. 
Since  an  atmosphere  is  equal  to  1.033  kg., 

j9o  =  22,350  X  1.033  (1  4-  0.0367 1) 

=  23,080  (1  -f  0.03670  ^. 

cm' 
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Substituting  this  value  of  po  in  the  above  equation  and  solving 
for  K,  we  have  — 

K=  -  1.99  X  10»  (1  -h  0.0367 1)  kg. 
k 

To  ascertain  the  absolute  value  of  K  for  any  given  substance,  it 
is  necessary  to  know  the  value  of  the  diffusion  constant  k.  This 
has  been  determined  for  a  number  of  substances  by  Scheffer.^  From 
these  determinations  Nernst  calculated  the  value  of  ^for  the  follow- 
ing substances :  — 


t 

k 

X 

Urea  .... 
Chloral  hydrate 
Mannite     . 

7°.  6 

9°.0 

10°.0 

0.81 
0.66 
0.38 

2.6  X  10*  kg. 
8.8  X  10»  kg. 
6.6  X  10«  kg. 

From  the  calculations  of  k  made  by  Stefan*  on  the  basis  of 
Graham's  measurements,  Nernst  calculated  the  values  of  K  for  a 
number  of  substances. 


t 

k 

X 

Caramel     . 
Albumin    . 
Cane  sugar 

10° 

13° 

9° 

0.047 
0.068 
0.812 

44  X  10» 

33  X  10» 

6.7  X  10» 

The  enormous  magnitude  of  these  numbers  is,  of  course;,  surpris- 
ing. Thus,  the  force  necessary  to  drive  a  gram-molecular  weight 
of  cane  sugar  through  water  with  a  velocity  of  one  centimetre  per 
second  is  6700  million  kilograms.  Nernst  raised  the  question  as 
to  whether  this  enormous  resistance  is  closely  connected  with  the 
weight,  the  constitution,  and  configuration  of  the  molecules.  With- 
out attempting  to  answer  it,  he  pointed  out  that  the  resistance 
undoubtedly  increases  with  increase  in  molecular  weight.  This  is 
clearly  seen  in  the  above  table,  where  those  substances  which  have 
the  larger  molecular  weights  have  the  larger  values  of  /i. 

Ostwald  *  explains  the  enormous  magnitudes  of  the  above  values 
as  due  to  the  very  great  number  of  molecules  present  in  the  solution 

1  Ztschr.phys.  Chem,  2,  401  (1888). 

a  Wiener  Sitzungsherichte,  79,  101  (1879). 

«  Lehrh.  d.  AUg,  Chem,  I,  p.  698. 
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—  the  molecular  state  representing  matter  in  such  a  highly  divided 
condition.  As  he  states,  the  amount  of  force  necessary  to  throw  a 
stone  through  the  air  with  a  very  considerable  velocity  is  not  great. 
If  now  the  stone  is  powdered,  the  force  required  to  project  the  dust 
with  the  same  velocity  is  very  great  indeed.  If  then  we  consider 
this  process  of  subdivision  to  continue  until  the  molecules  them- 
selves are  reached,  the  force  required  to  hurl  them  through  the  air 
with  the  same  velocity  as  was  given  the  stone,  would  be  enormous. 
If,  finally,  instead  of  through  the  air  we  hurl  these  infinitesimal 
particles  through  a  highly  resisting  medium  such  as  water,  it  is 
quite  conceivable  that  the  resistance  encountered  would  be  of  the 
order  of  magnitude  given  above.  Whether  this  is  the  expression 
of  the  whole  truth,  or  not,  it  is  certainly  helpful  in  forming  a  con- 
ception of  the  possible  cause  of  this  very  high  resistance. 

Nemst  has  also  worked  out  a  theory  of  diffusion  for  electrolytes,* 
but  since  this  involves  conceptions  with  which  it  would  be  prema- 
ture to  deal  in  this  place,  reference  only  can  be  made  to  it. 

Crystalloids  and  Colloids.  —  The  section  on  diffusion  should  not 
be  closed  without  brief  reference  to  a  distinction  between  the 
velocities  with  which  substances  diffuse^  which  was  pointed  out  by 
Graham.*  If  we  compare  the  velocity  with  which  an  acid  diffuses 
with  that  of  albumin,  we  find  that  the  two  stand  in  the  ratio  of 
about  60  to  1.  There  are  many  substances  which,  like  albumin, 
diffuse  very  slowly  in  the  presence  of  water.  These  are  chiefly 
amorphous  substances,  while  those  which  diffuse  rapidly  are  gen- 
erally crystalline.  The  latter  are  termed  crystalloids^  the  former 
colloids. 

These  two  classes  of  substances,  when  in  solution,  affect  the 
properties  of  the  solvent  very  differently.  Crystalloids,  as  we  have 
seen,  dissolve  with  temperature  changes.  They  lower  the  freezing- 
point  of  the  solvent,  and  also  its  vapor-tension.  They  exert  an 
osmotic  pressure.  Colloids,  on  the  other  hand,  affect  the  properties 
of  the  solvent  to  only  a  slight  extent.  If  they  lower  the  freezing- 
point  or  vapor-tension  of  the  solvent,  it  is  only  to  a  very  slight  extent. 

These  two  classes  of  substances  can,  in  general,  be  easily  sepa- 
rated from  one  another.  If  a  solution  containing  both  crystalloids 
and  colloids  is  brought  in  contact  with  a  colloidal  membrane  such  as 
parchment  paper,  and  water  is  placed  on  the  other  side  of  the  mem- 
brane, the  crystalloids  will  pass  through  the  membrane,  while  the 
colloids  will  be  prevented  from  doing  so.     This  was  termed  by  Gra- 

1  Ztschr,  phys.  Chem.  2,  617  (1888). 
a  Lieb.  Ann,  121,  1  (1862). 
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,  and  the  apparatus  for  effecting  sach  separations  a 


IDS  a      I 


ham   dialyt 
dialyzfT. 

Colloidal  Solatioiu  of  Metali.  —  Some  unusually  interesting  re- 
sults have  recently  been  obtained  in  connection  with  colloidal  solu- 
tions. It  has  been  found  possible  to  prepare  colloidal  solutions  not 
only  of  the  neutral,  auiorphoua,  organic  substances,  but  of  the  metals 
themselves.  A  number  of  years  ago  Carey  Lea'  showed  how  metal- 
lic silver  coidd  be  obtained  in  solution  in  water  —  the  solution  having 
tbe  same  properties  aa  that  of  a  colloid;  and  quite  recently  Bredig 
and  Von  Bemeck '  have  worked  up  a  more  or  less  general  method  *  for 
obtaining  the  most  insol- 
uble metals  in  tbe  form 
of  colloidal  solutions. 
Tbe  method  wUl  be  de- 
scribed as  applied  in  the 
case  of  metallic  plati- 
num. Two  platinum 
wires  (a  and  b,  Fig.  31), 
of  about  one  millimetre 
diameter,  are  dipped  into 
pure  water  and  brought 
close  together.  A  current  of  from  8-12  ampferes  and  30-40  volta  is 
passed  through  the  wires.  This  forms  an  electric  arc  under  the 
water.  The  metal  is  torn  off  from  the  cathode  in  a  very  fine  state 
of  division,  and  the  water  quickly  becomes  dark  brown  in  color. 
After  the  solution  has  acquired  tbe  concentration  desired  it  is  filtered 
through  a  folded  filter  to  remove  any  larger  particles  of  platinum 
which  may  have  been  torn  off.  When  a  drop  of  this  liquid  is  placed 
under  the  best  microscopes  it  looks  perfectly  homogeneous,  which 
shows  the  very  fine  state  of  division  of  the  platinum.  Indeed,  the 
platinum  particles  must  be  smaller  than  the  wave-leugth  of  light, 

Bredig  and  Von  Bemeck  found  that  this  litjuid  has  quite  remark- 
able jjroperties.  It  decom[>ose8  hydrogen  dioxide  like  organic  fer- 
ments, and  resembles  the  latter  in  many  other  particulars.  A  gram 
atomic  weight  of  platinum  in  70,000,000  1.  of  water  decomposes 
hydrogen  dioxide  appreciably,  thus  resembling  organic  ferments 
where  a  very  small  quantity  can  effect  a  large  amount  of  decom- 
position. An  even  more  striking  analogy  between  the  action  of 
the  colloidal  platiniun  and  organic  ferments  is  to  be  foimd  in  the 

"  AmfT.  JnuTn.  Scltei-r.  >T,  476  (1881))  ;  31,  47.  120.  237  (1880). 

*  ZUchr.  phyi,  Chr.m.  31.  2S8  (1899). 

■  ZtMchr.  /.  aus/ew.  CAem.  leUS.  061.    ZUcttr.  f.  B!eklri.chem.  4,  514  (1897). 
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effect  of  certain  poisons  upon  both  of  them.  A  very  small  amount 
of  certain  substances  will  entirely  destroy  the  activity  of  organic 
ferments.  Exactly  the  same  was  found  to  be  the  case  with  the  col- 
loidal solution  of  platinum.  A  gram-molecular  weight  of  hydrocy- 
anic acid  in  1,000,000  1.  of  water  diminished  quite  appreciably  the 
activity  of  the  colloidal  platinum  toward  hydrogen  dioxide;  and 
a  gram-molecular  weight  of  hydrogen  sulphide  in  345,000  1.  of 
waters  greatly  diminished  the  activity  of  the  platinum.  A  gram- 
molecular  weight  of  hydrogen  sulphide  in  34,500  1.  almost  destroyed 
the  activity  of  the  platinum. 

However  close  the  relation  between  these  colloidal  solutions  of 
the  metals  and  organic  ferments  may  be  shown  to  be,  this  recent 
work  has  given  an  entirely  new  interest  to  the  subject  of  colloidal 
solutions  in  general. 

COLOR  OF  SOLUTIONS 

Color  of  Solutions  of  Non-electrolytes. — If  we  are  dealing  with 
non-electrolytes,  i.e.  substances  which  exist  in  solution  entirely  as 
molecules,  it  is  obvious  that  the  color  of  such  solutions  is  the  color 
of  the  dissolved  molecules,  provided,  of  course,  that  the  solvent  is 
colorless.  The  color  of  such  solutions  resolves  itself  then  into  the 
question  of  the  color  of  the  molecules  themselves.  Our  knowledge 
in  this  field  is  not  yet  sufficient  to  enable  us  to  deal  with  this  prob- 
lem satisfactorily ;  yet  it  is  quite  certain  that  the  color  of  molecules 
is  due  primarily  to  the  nature  of  the  chemical  atoms  which  enter 
into  the  molecules.  That  constitution  also  has  an  influence  is  made 
clear  by  many  facts  which  are  known. 

The  problem,  however,  which  is  of  special  interest  here,  deals 
not  with  the  color  of  molecules  but  with  the  color  of  ions ;  i.e.  with 
the  color  of  solutions  of  dissociated  substances. 

Color  of  Solutions  of  Electrolytes.  —  The  problem  of  the  color  of 
solutions  of  electrolytes  is  simpler,  and  of  more  interest  from  our 
standpoint  at  present,  than  the  problem  with  non-electrolytes.  If 
the  electrolyte  is  completely  dissociated,  i.e.  completely  broken  down 
into  ions,  it  is  obvious  that  the  color  of  such  solutions  is  not  due  to 
the  color  of  molecules,  since  there  are  no  molecules  present.  The 
color  of  such  solutions  is  due  to  the  ions  present,  and  to  these  alone. 
.  Some  of  the  consequences  of  this  conclusion  from  the  theory  of 
electrolytic  dissociation  are  very  interesting.  If  we  have  a  number 
of  compounds  containing  say  colorless  anions  combined  with  the 
same  colored  cation,  the  solutions  of  all  of  these  substances  should 
have  the  same  color.    Thus,  take  the  salts  of  cobalt  with  colorless 


254 


THE   ELEMENTS  OF   PHYSICAL  CHEMISTRY 


acids,  the  chloride,  sulphate,  nitrate,  acetate,  etc.,  dilute  solutions  of 
al!  of  these  salts  should  have  the  same  color,  aud  that  the  color  of 
the  cobalt  ion,  since  such  solutions  are  completely  dissociated  and 
the  anion  iu  each  case  is  colorless.  Here  the  facts  confirm  the 
theory.  Al!  such  salts  have  exactly  the  same  color  in  dilute 
solutions. 

Conversely,  if  we  have  colorless  cations  combined  with  a  colored 
aniou,  the  solutions  of  the  comjwnnda  formed  should  have  the  same 
color.  This  problem  has  been  very  thoroughly  investigated  by 
Ostwald.'  He  prepared  solutions  of  a  number  of  salts  of  perman- 
ganic acid  with  colorless  cations,  such  as  potassium,  sodium,  ammo- 
nium, lithium,  barium,  magnesium,  aluminium,  zinc,  cadmium,  etc., 
and  then  studied  the  absorption  spectra.  If  our  theory  is  correct, 
solutions  of  all  of  these  substances  should  have  the  saine  color,  which 
is  to  say  that  they  should  all  have  the  same  absorption  bands. 
These  bands  were  both  carefully  measured  and  photographed  by 
Ostwald.  These  salts  show  five  absorption  bands  in  the  yellow  and 
green,  and  four  of  these  were  measured  for  thirteen  salts  of  perman- 
ganic acid.  The  results  of  Ostwald's  measurements  are  given  in  the 
following  table :  — 

PEBMAKGANiTES.        AbSOKPTION    BaNDS 


I 

.. 

,„ 

,v 

Hydrogen    .        .        .        . 

2001  ±  0.5 

2698  ±  0.8 

280i  ±  0.7 

2913  ±  1.7 

FoUsHlum   . 

2SO0  ±  1.3 

2697  ±  0.1 

2803  ±  0.9 

2013  ±  1.1 

Sodium 

2602  ±  1.2 

2608  ±  0.8 

2803  ±  0.7 

2913  ±  0.8 

Ammonium 

2601  ±  1.3 

2608  ±  l.i 

2802  ±  0.1 

2913  ±  0.1 

Llttiium       . 

2602  ±  0.2 

2700  ±  0.2 

2801  ±  0.8 

2014  ±  1.7 

Barium        . 

2000  ±  0.9 

2699  ±  0.8 

2804  ±  0.6 

2914  ±  1.3 

Magnesium  . 

2602  ±  0,8 

2700  ±  0.6 

2802  ±  0.7 

2912  ±  1.8 

2603  ±  OA 

26B9  ±  0.0 

2804  ±  0.0 

2H14  ±  0.7 

Zinc    .       . 

2602  ±  0.5 

26U9  ±  0,T 

2802  ±1.2 

2912  ±  1.1 

Cobalt. 

2601  ±  0.2 

2698  ±0,1 

2803  ±  0.9 

2012  ±1.7 

Nickel . 

2(103  ±  0.5 

2T00  ±  0,7 

280*  ±  0.7 

2913  ±1.8 

Cadmiiun    . 

2600  ±0.1 

2700  ±  0.2 

2803  ±  0.8 

2913  ±  1.4 

Copper 

2602  ±  1.2 

2699  ±  0.1 

2803  ±  0.9 

2913  ±  0.8 

Ostwald  concluded  from  these  results  that  the  absorption  spectra 
of  all  the  thirteen  salts  are  exactly  the  same,  to  within  the  limit  of 
error  of  meaeurement. 

I  Zuckr.phs».  Chem.  8,  579  (18fl 
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The  spectra  of  ten  of  these  salta 

ictly  over  the  other,  and  the 

given  in    the   accom- 

lying   figure.      The   agreement 

«□    the    position    and    char- 

of  the  bands  is  so  striking, 

lat  theve  is  no  room  for  doubt 

at   these  salts    show  the   same 

lUbeorption  bands. 

n  addition  to  the  permangan- 
Ostwald  studied  a  number  of 
les  of  substances.  The  absorp- 
tion spectra  of  ten  salts  of  fluo- 
rescein were  also  photogi-aphed. 
The  bands  here  agree  as  closely 
in  position  and  nature  as  with  the 
permanganates.  Salts  of  eosin 
yellow,  eosin  blue,  iodoeosin,  ro- 
zolic  acid,  diazoresorcin,  etc.,  with 
colorless  cations  were  made,  and 
the  alisorptioa  bauds  of  each  class 
pi  compounds  compared.  Then 
ta  of  colored  bases  with  color- 
acids  were  prepared  and  stud- 
-ied.  These  included  especially 
p-rosaniline  and  aniline  violet 
The  results  with  p-iosaniliiie  are 
.given     below.       The    absorption 

id  which  was  measured  is  in  the  yellow^reen. 

i'-Roa ANILINE,  Dilution  5600  l. 


photographed,  the  one 


Ilbili 
^f 
ied 
p-n 
Th. 


1.  Levolinic  acid  .    .    . 

2716  ±0.8 

11.   Hyposulpharlc  acid  . 

2715  ±1.1 

t.  Acetic  acid    .    . 

2715  ±U 

IB.   Trichloriactk  acid     . 

2715  ±  0.7 

S.  Chiorio  acid  .    . 

27111  ±  0.4 

la.  GlycoUo  add    .    .    . 

2714  ±  1.3 

%.  Beiuoic  ticid .    . 

2714  ±  1.4 

14.   l-hmalanilic  acid  .    . 

2716  ±  1.3 

S.   Hydroclilorii:  acid 

2714  ±1.1 

IS.   Perchlcric  acid     .     . 

2715  ±  1.2 

■.  Rulpbauilic  acid 

2T16±1.2 

16.   Salicylic  acid    .     .     . 

2715  ±1.5 

l«.  Nitric  acid    .    . 

2715  ±  0.5 

17.  MoDocbloracetic  acid 

2715  ±  1.5 

2716  ±1.1 

18.   Lactic  acid  ...     . 

2715  ±  1.0 

1        acid 

p.  Butyric  acid  ...    . 

2715  ±  1.3 

18.   O-nitrobenzoic  acid  . 

2715  ±  1.3 

m.  Pbenylproplolic  acid  , 

2715  ±  0,9 

SO.   SiUphuric  acid .     .    . 

3715  ±  0.8 
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These  results  were  also  photographed,  and  the  absorption  bands  of 
these  twenty  salts  are  shown  in  Fig.  33.  The  figures  have  the 
flame  significance  in  the  plates  as  in  the  tables.  Ostwald's  work 
included  about  300  compounds,  in  some  of  which  the  cation  waa 
colored,  while  others  contained  a  colored  anion.  He  concluded 
from  this  elaborate  investigation,  that  salts  with  one  and  the  same 
coloriid  ion,  in  dilute  solutions,  always  have  the  same  sj^ctra.     If 


both  ions  were  colored,  the  color  of  the  solution  would  be  the  Bum 
of  the  colors  of  the  two  ions.  The  color  of  completely  dissociated 
solutions  is,  therefore,  an  additive  property. 

Change  in  Color  with  Change  in  Eleotrical  Charge.  —  An  ion 
having  the  same  chemical  composition  does  not  always  have  the  same 
color.    Take  the  ion  Fe(CN), ;  in  potassium  ferrocyanide  it  is  yellow 

I  gives  the  yellow  color  to  a  solution  of  this  salt.  The  ion  in 
this  case  is  formed  by  the  dissociation  of  the  salt  KiFe(CN)(  into 
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+        +        +        +  ^. 

K  -f  K  -f  K  -f  K,  and  Fe(CN)8,  which  carries  four  negative  charges. 

The  ion  Fe(CN)8,  obtained  by  the  dissociation  of  potassium  ferri- 

cyanide,  is  red.     The  compound  K8Fe(CN)g  dissociates  as  follows : 

K8Fe(CN)e  =  K  +  K  +  K  +  Fe(bN)e.  The  ion  Fe(CN)e,  in  this  case, 
carries  three  negative  charges,  and  the  difference  of  one  charge 
changes  the  color  of  the  ion  from  yellow  to  red. 

Again,  take  the  ion  Mn04.     If  it  is  formed  by  the  dissociation 

of  potassium  permanganate,  KMn04  (KMn04  =  K  -h  MnO^),  it  is 
purplish  red,  and  gives  the  characteristic  color  to  a  solution  of  this 
salt.    If  it  is  formed  from  potassium  manganate, 

K2Mn04  =  k-\-k-\-  MnO^, 

it  is  green.  In  the  first  case  it  carries  one  negative  charge,  in  the 
second  case  two  j  and  this  difference  in  electrical  condition  produces 
a  change  in  color  from  purple  to  green. 

Finally,  to  take  a  simpler  example :  The  iron  ion  in  the  ferrous 
condition  is  green,  as  is  seen  in  solutions  of  ferrous  salts;  while 
the  iron  ion  in  the  ferric  condition  is  yellow,  as  is  seen  in  solutions 
of  ferric  salts.  An  almost  unlimited  number  of  examples  of  changes 
in  the  color  of  ions  with  change  in  the  electrical  charge  which  they 
carry,  might  be  given. 

One  other  point  should  be  mentioned  in  this  connection.  An  ele- 
ment in  the  form  of  an  ion  may  have  its  own  definite  characteristic 
color.  When  this  element  is  combined  with  other  elements  to  form 
a  complex  ion,  the  color  of  the  complex  may  have  no  simple  relation 
to  that  of  the  element  when  present  alone  as  an  ion.  The  cobalt  ion 
is  red.  When  combined  with  cyanogen  to  form  a  complex  anion  it 
is  colorless.     Thus  the  compound  KjCo  (CN)^  dissociates  into 

K4-K  +  K  +  Co(0N)«, 

and  the  solution  of  this  compound  is  colorless.  Here,  also,  many 
examples  are  available. 

Theory  of  Indicators.  —  We  have  just  seen  that  molecules  may  be 
colored,  giving  the  characteristic  color  to  solutions  of  undissociated 
substances ;  and  that  ions  also  may  be  colored,  giving  the  color  to 
completely  dissociated  solutions.  A  molecule  may  have  the  same 
color  as  the  ions  into  which  it  dissociates,  or  it  may  have  a  different 
color.  A  colorless  molecule  may  dissociate  into  ions,  one  or  more  of 
which  is  colored ;  and  a  colored  molecule  may  dissociate  into  color- 
less ions. 
s 
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Upon  these  facts  is  based  the  use  of  indicators  in  quaatitative 
analysis.  An  indit-ator  is  a  compound  which  shows  a  change  of 
color  when  the  solution  passes  from  the  acid  to  the  basic  conditiou, 
and  vice  versa.  An  indicator  is  always  eitlier  a  weak  acid  or  a  weak 
base,  which,  on  dissociation,  yields  an  iou  which  has  a  diffei-ent  color 
from  the  molecule  itself.  Indicators  fall  then,  naturally,  into  two 
classes,  —  acidic  indicators  and  basic  indicators.  As  an  example  of 
an  acidic  indicalor,  we  will  take  first  pkenolphthalein.  This  is  a  weak 
acid,  which  means  that  in  the  presence  of  water  it  is  very  slightly 
disaociatfld,  if  it  is  dissociated  at  all.  The  molecules  of  phenol- 
phthalefn  are  colorless,  as  is  shown  by  the  fact  that  an  aqueous  or 
alcoholic  solution  of  this  substance  is  colorless.  If  a  solution  of  a 
strong  base  is  added  to  phenol phthalein,  the  salt  of  that  base  is 
formed.  This  salt,  like  most  salts,  is  readily  dissociated  in  the 
presence  of  water.  The  salt  of  phenolphthalein  dissociates  into  the 
cation  of  the  base  and  the  complex  organic  anion ;  e.y.  the  sodium 
salt  dissociates  into  the  cation  sodium  and  the  complex  organic 
anion ;  and  it  is  this  latter  which  gives  the  characteristic  color  of 
this  indicator. 

In  usiug  this  indicator,  a  small  quantity  is  brought  into  the  pres- 
ence of  the  acid,  which  is  to  be  titrated  against  a  strong  base.  The 
indicator,  in  the  presence  of  pure  water,  is  almost  completely  undia- 
sociated.  In  the  presence  of  the  strong  acid  which  contains  many 
free  hydrogen  ions,  it  would  be  dissociated  evcTi  less  than  in  pure 
water,  as  we  shall  learn.  An  alkali  is  added  and  the  strong  acid  is 
al]  neutralized.  The  moment  an  excess  of  alkali  is  jtresent,  it  forms 
a  salt  with  the  phenolphthalein.  This  salt  dissociates  at  once,  and 
the  colored  anion  gives  its  characteristic  color  to  the  solution. 

Pkeiiolphthalei'ii  cannot  be  uned  Kith  weak  aclda  nor  weak  basei.  If 
the  acid  is  so  weak  that  its  salts,  even  with  strong  bases,  are  liydrol- 
yzed,  i.e.  broken  down  by  water  into  the  free  acid  and  the  free  base, 
the  free  base  would  begin  to  react  with  the  phenolphthale'in  long 
before  enough  base  had  been  added  to  completely  neutralize  the  acid. 
The  result  would  be  the  appearance  of  a  faint  color  on  the  addition 
of  a  little  alkali,  and  this  color  would  increase  in  intensity  as  more 
and  more  alkali  was  added.  Tliere  would,  then,  be  no  sharp  change 
in  color  when  all  the  acid  had  been  neutralized,  and  the  indicator 
would  be  practically  worthless  in  such  eases.  Thus,  carbonic  and 
phosphoric  acids  and  the  phenols  cannot  be  titrated  with  phenol- 
phthaleVn  as  an  indicator.  If  a  weak  base  is  used,  such  as  ammonia, 
there  will  also  be  a  certain  amount  of  hydrolysis  of  the  salt.  This 
will  leave  some  free  base  present,  which  will  react  with  the  pho- 
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nolphthaJei'n  and  give  rise  to  a  gradual  change  in  color.  But  even 
if  the  ammonium  salt  of  the  acid  which  is  being  titrated  is  not 
hydrolyzed  by  water,  ammonia  cannot  be  used  with  phenolphthaleXn. 
Ammonia  is  a  weak  base,  and  phenolphthalein  is  a  weak  acid,  and 
the  salt  of  the  two  would  itself  be  hydrolyzed  by  water.  The  indi- 
cator would,  therefore,  not  act  sharply  when  ammonia  was  used  as  a 
base. 

It  is  well  known  that  the  facts  agree  very  satisfactorily  with  the 
theory.  Phenolphthalein  cannot  be  used  as  an  indicator  with  either 
weak  acids  or  weak  bases. 

Another  example  of  an  acid  indicator  whose  molecules  are  nearly 
colorless  and  whose  anion  is  colored,  is  jMiitrophenol.  In  alcoholic 
solution,  in  which  the  substance  is  almost  undissociated,  it  is  nearly 
colorless.  Water  dissociates  it  slightly,  and  consequently  the  aqueous 
solution  is  slightly  colored.  If  an  alkali  is  added,  the  salt  of  this 
weak  acid  is  formed,  and  this  dissociates  into  the  metallic  cation 
and  into  the  anion  CeH4(N02)0,  which  is  deep  yellow  in  color.  The 
action  of  this  substance  as  an  indicator  will  be  understood  at  once 
from  the  above  description  of  the  action  of  phenolphthalein. 

Litmxcs  is  an  example  of  an  acid  indicator  whose  molecules  are 
colored,  but  whose  anion  has  a  different  color.  The  molecules  of  the 
weak  litmus  acid  are  red.  When  an  alkali  is  added,  the  salt  is 
formed,  and  this  dissociates  giving  the  free  litmus  anion,  which  is 
deep  blue.  Litmus,  like  phenolphthalein,  cannot  be  used  satisfac- 
torily with  weak  bases.  These  would  form  salts  with  the  litmus, 
which  would  be  hydrolyzed  and  prevent  a  sharp  color  reaction ;  or 
their  salts,  with  any  but  the  strongest  acids,  would  undergo  some 
hydrolysis  and  prevent  a  sharp  appearance  of  color.  In  order  that 
litmus  should  be  used  in  titrating  weak  acids,  only  the  strongest 
bases  can  be  emi)loyed. 

An  acid  indicator  which  can,  however,  be  used  with  weak  bases 
is  methyl  orange.  This  is  a  considerably  stronger  acid  than  the  indi- 
cators which  we  have  already  considered.  The  molecules  of  the  free 
acid  are  red,  the  anions  yellow.  In  the  presence  of  a  strong  acid 
we  have,  therefore,  the  characteristic  red  color ;  while  in  the  presence 
of  a  base  the  salt  is  formed,  and  this  dissociates,  yielding  the  yellow 
anion.  This  indicator  can  be  used  with  weak  bases,  provided  they 
are  titrated  with  strong  acids.  In  these  cases  there  is  but  slight 
hydrolysis  of  the  salts  formed,  and  also  but  slight  hydrolysis  of  the 
salt  formed  by  the  methyl  orange  and  the  weak  base,  since  the  indi- 
cator is  a  fairly  strong  acid. 

In  the  above  discussion  of  acid  indicators  it  will  be  seen  that 
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weak  acids  must  always  be  titrated  with  strong  bases,  and  a  weakly 
acid  iudieator  may  be  employed. 

Weak  bases,  on  the  other  hand,  must  be  titrated  with  strong 
acids,  and  a  strongly  acid  indicator  must  be  employed. 

Basic  iitdioatars  are  but  little  used  in  practice.  As  an  example  of 
this  class  we  may  take  cjiaiiine.  This  is  a  weak  base,  and  therefore 
but  little  dissociated.  The  molecules  are  deep  blue  in  color.  In  the 
presence  of  an  acid  a  salt  is  formed,  which  dissociates  into  the  anion 
of  the  acid  and  the  cation  of  the  base.  This  very  complex  cation  is 
colorless ;  consequently  the  indicator  is  blue  in  the  presence  of  a 
base,  and  colorless  in  the  presence  of  an  acid. 

The  examples  considered  above  suffice  to  illustrate  the  different 
types  of  indicators,  and  to  show  how  satisfactorily  their  action  is 
explained  in  terms  of  the  theory  of  electrolytic  dissociation. 

A  Color  Demonstration  of  the  Dissociating  Action  of  Water.  — 
Jones  and  Allen'  have  worked  out  a  color  demonstration  of  the  dis- 
sociating action  of  water,  which  is  based  upon  the  principle  of  indi- 
cators just  considered.  If  to  an  alcoholic  solution  of  phenol phthaleYn 
a  few  drops  of  aqueous  ammonia  are  added,  there  is  no  sign  of  the 
red  color  of  the  indicator.  If  water  is  now  added  to  the  alcoholic 
solution,  the  red  color  appears.  When  potassium  or  sodium  hydrox- 
ide is  substituted  for  ammonia,  the  red  color  appears  at  once,  without 
the  addition  of  water.  There  is  thus  a  marked  difEerence  between 
potassium  or  sodium  hydroxide,  and  ammonium  hydroxide. 

It  would  be  difficult  to  interpret  these  facts  without  the  aid  of 
the  tlieory  of  electrolytic  dissociation.  In  the  light  of  this  theory 
they  are  perfectly  intelligible. 

When  a  few  drops  of  aqueous  ammonia  are  added  to  several  cubic 
centimetres  of  alcohol,  little  or  no  dissociation  of  the  ammonium 
hydroxide  is  effected.  The  addition  of  water  dissociates  the  base, 
the  degree  of  dissociation  depending  upon  the  amount  of  water  pres- 
ent with  respect  to  alcohol.  The  presence  of  the  ions  NH,  and  OH 
wotdd  cause  the  phenolphthale!Cn  to  dissociate  into  — 


O   -^      ^C,H,OH 


The  complex  anion  gives  its  characteristic  color  to  the  solution  in 
which  it  is  present,  The  hydrogen  and  hydroxyl  ions  would  then 
combine  and  form  water. 

It  is  possible  that  the  actual  course  of  the  reaction  is  somewhat 
iAmrr.  Ctitm.  Jovra.  IB,  377  (ISflO). 
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different  from  that  just  described.  It  may  be  that  the  ammonium 
first  combines  with  the  phenolphthale'in  in  the  alcoholic  solution. 
The  addition  of  water  would  then  dissociate  this  compound,  giving 
the  colored  anion  referred  to  above. 

The  dissociation  theory  furnishes  this  explanation.  It  remains 
to  determine  whether  the  explanation  is  true. 

If  it  is,  then  a  solution  formed  by  adding  a  little  aqueous  ammo- 
nia to  a  considerable  volume  of  alcohol,  should  show  little  or  no 
dissociation,  and  the  amount  of  the  dissociation  should  increase  with 
the  addition  of  water.  Solutions  of  potassium  or  sodium  hydroxide, 
in  mixtures  of  alcohol  and  water,  should  be  more  dissociated  than 
corresponding  solutions  of  ammonium  hydroxide.  Indeed,  a  solution 
of  sodium  or  potassium  hydroxide  in  alcohol  alone  should  manifest 
some  dissociation,  since,  as  stated  above,  it  gives  the  color  reaction 
with  phenolphthale'in. 

All  of  these  points  were  tested  experimentally  by  the  conduc- 
tivity method,  with  the  result  that  the  theory  of  electrolytic  disso- 
ciation was  confirmed  at  every  point. 

This  experiment  furnishes  a  satisfactory  lecture  demonstration  of 
the  dissociating  action  of  water.  A  few  drops  of  an  alcoholic  solution 
of  phenolphthale'in  are  placed  in  a  glass  cylinder  and  diluted  to,  say,  50 
c.c.  by  the  addition  of  alcohol.  A  few  drops  of  an  aqueous  solution 
of  ammonia  are  then  added.  A  red  color  may  appear  where  the 
aqueous  ammonia  first  comes  in  contact  with  the  alcoholic  phenol- 
phthale'in, but  this  will  disappear  instantly  on  shaking  the  cylinder, 
leaving  the  solution  with  a  yellowish  tint,  possibly  due  to  the  forma- 
tion of  the  ammonium  salt  of  phenolphthale'in.  Water  is  then  gradu- 
ally added  to  the  cylinder,  when  the  red  color  will  appear,  at  first 
faint,  then  stronger,  as  the  amount  of  water  increases.  When  the 
red  color  has  become  intense,  add  a  considerable  volume  of  alcohol, 
and  the  entire  color  will  disappear,  leaving  the  solution  slightly 
yellow  again. 

Fluorescence  and  Dissociation.  —  Closely  connected  with  the  color 
of  solutions  is  the  fluorescence  shown  by  certain  substances  in  solu- 
tion. When  a  substance  like  fluorescein  is  brought  into  the  presence 
of  water,  it  dissolves  to  only  a  slight  extent,  and  the  solution  formed 
is  only  slightly  fluorescent.  If  to  fluorescein  in  the  presence  of 
water  a  little  alkali  is  added,  an  intense  fluorescence  appears  at 
once.  This  is  satisfactorily  interpreted  in  terms  of  the  dissociation 
theory.  Fluorescein  is  a  weak  acid  only  slightly  soluble  in  water, 
and  very  slightly  dissociated  by  it.  Being  an  acid,  it  would  disso- 
ciate into  a  hydrogen  cation  and  a  complex  organic  anion. 
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Tlie  hydrogen  cation  is  evidently  not  fluorescent,  since  all  acids 
yield  hydrogen  cations  as  one  of  the  products  of  dissociation,  and 
solutions  of  acids  in  general  are  not  fluorescent.  The  fluorescence  of 
fluorescein  must,  then,  be  due  to  the  complex  organic  anion  forinud 
aa  the  product  of  dissociation  of  the  fluorescein  molecule. 

If  this  is  the  true  explanation  of  the  fluorescence  of  this  sub- 
stance, then,  if  we  cuuld  increase  the  dissociation  of  fluorescein  by 
any  means,  we  should  increase  the  fluorescence,  since  we  would 
increase  the  number  of  fluorescent  ions  present  in  the  solution. 
This  can  be  accomplished  by  adding  an  alkali,  which  forms  a  salt 
with  the  fluorescein.  This,  like  all  other  salts,  dissociates  readily  in 
the  presence  of  water,  and  we  have  a  large  number  of  fluorescent  ions 
formed ;  hence  the  increase  in  fluorescence  on  addition  of  an  alkali. 

It  ia  sometimes  stated  that  in  this  and  similar  cases  we  have  the 
alkali  salt  formed,  and  it  is  this  salt  which  is  fluorescent  as  such. 
It  should  be  stated  here,  that  it  has  been  shown  that  under  suc-h 
conditions  there  is  not  a  trace  of  the  alkali  salt  of  fluorescein  pres- 
ent in  the  solution,  if  the  solution  is  very  dilute.  It  can  be  shown 
by  any  of  the  well-established  methods  for  measuring  dissociation, 
that  all  of  the  salt  present  is  broken  down  into  ions  and  that  there 
are  no  molecules  in  the  solution.  If  there  are  no  molecules  present 
in  the  aolution  but  only  ions,  it  is  obvious  that  the  fluorescence  can 
be  due  only  to  the  ions. 

The  earlier  explanation  that  the  phenomenon  observed  here,  and 
also  the  phenomena  observed  with  indicators,  were  due  to  the  formar 
tion  of  alkali  salts,  and  that  these  persisted  as  such  in  the  solutions, 
giving  the  characteristic  properties,  has  given  way  in  the  light  of 
the  discoveries  of  modem  physical  chemistry.  We  now  know  that 
in  all  such  cases  we  are  dealing  not  with  molecules  as  such,  but  with 
the  ions  into  which  they  dissociate. 


OTHER  PROPERTIES  OF  SOLUTIONS 

Propertiea  of  Solutioni  of  Non-electrolytes.  —  In  dealing  with  the 
properties,  in  general,  of  solutions,  we  must  clearly  distinguish 
between  solutions  of  undissociated  and  of  dissociated  substances. 
If  we  are  dealing  with  the  former  class,  the  dissolved  substances 
esist  only  in  the  molecular  condition,  and  it  is  obvious  that  all  of  the 
propertiea  are  the  properties  of  the  dissolved  molecules  plus  those  of 
the  solvent.  If  we  are  dealing  with  aqueous  solutions,  the  properties 
of  water  being  so  well  known,  we  can  easily  determine  what  are  the 
properties  of  the  dissolved  substance. 
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Properties  of  Solutions  of  Electrolytes.  —  If  we  axe  dealing  with 
electrolytes,  the  problem  is  very  different.  The  molecules  are  more 
or  less  broken  down  into  ions,  and  at  very  high  dilutions  all  the 
molecules  are  dissociated  into  ions.  The  properties  of  such  solutions 
are  obviously  not  the  properties  of  molecules,  since  there  are  no 
molecules  present,  but  the  properties  of  the  ions,  which  are  the  only 
units  present  in  the  solution.  In  terms  of  the  theory  of  electrolytic 
dissociation,  the  properties  of  completely  dissociated  solutions  are 
the  sum  of  the  properties  of  all  the  ions  present  in  the  solution  — 
are  additive.  We  have  seen  that  this  is  true  in  the  case  of  color; 
we  shall  see  in  a  moment  how  it  applies  to  other  physical  properties. 
Meanwhile,  a  word  in  reference  to  the  chemical  properties  of  com- 
pletely dissociated  solutions. 

Chemical  Properties  of  Completely  Dissociated  Solutions. — The 
chemical  properties  of  solutions  which  contain  only  ions  must  be 
the  chemical  properties  of  the  ions  present.  Some  surprising  facts, 
however,  come  out  when  we  study  the  chemical  properties  of  ions. 
An  element  in  the  ionic  state  has  certain  definite  characteristic 
properties.  These  properties  bear  no  close  relation  to  those  of  the 
same  element  in  the  atomic  or  molecular  condition.  Take  the  ele- 
ment which  has  often  been  cited  in  this  connection — chlorine.  One 
of  the  most  characteristic  reactions  of  the  ion  chlorine  is  the  forma- 
tion of  silver  chloride  by  combining  with  the  ion  silver.  Chlorine 
in  the  molecular  condition,  as  in  the  form  of  gas,  or  even  whe» 
freshly  dissolved  in  water,  does  not  precipitate  a  solution  of  silver 
nitrate.  Further,  chlorine  in  compounds  like  CH3CI,  CjH^Cl,  etc., 
is  not  precipitated  by  silver  nitrate,  because  these  compounds  are 
not  dissociated  by  water,  and  the  chlorine  is,  therefore,  not  in  the 
ionic  condition. 

Again,  chlorine  may  even  exist  in  the  ionic  condition  and  not  be 
precipitated  by  silver  nitrate,  if  it  is  in  combination  with  other 
elements,  forming  a  complex  ion.  Thus,  the  chlorine  in  potassium 
chlorate  is  not  precipitated  by  silver  nitrate,  although  the  chlorine 
forms  part  of  an  ion.     Potassium  chlorate  dissociates  thus :  — 

KCIO3  =  K  -h  cTOs. 

The  chlorine  is  present  in  combination  with  oxygen,  forming  an 
anion,  but  it  has  lost  its  most  characteristic  property,  due  to  the 
presence  of  the  oxygen. 

Another  example  will  illustrate  the  same  point.  The  most  char- 
acteristic reaction  of  the  ion  SO4  is  its  power  to  combine  with  the 
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ion  Ba  and  form  barium  sulpliate.  If  the  ion  SO^  is  in  combiaation 
with  a  complex  group,  it  may  not  precipitate  bariuui  aulpliate  at  all. 
Thus,  if  sulphuric  acid  and  alcohol  are  wanned  together  there  is 
formed  the  compound  Vr'^SO„  ethyl-aiilphuric  acid.  This,  like 
all  acids,  dissociates  into  a  hydrogen  cation,  and  the  remainder  of 
the  compound  forma  the  anion — in  this  case  CjHjSO,.  When  a 
solution  of  ethyl-sulphuric  acid  is  treated  with  barium  chloride,  no 
precipitate  is  formed. 

These  examples  suffice  to  show  with  what  care  we  must  judge  of 
the  chemical  propei'ties  of  substances  under  different  conditions, 
knowing  their  properties  under  any  one  set  of  conditions. 

Fhysioal  Properties  of  Completely  Dissociated  Solations.  —  That  the 
physical  propeities  of  completely  dissociated  solutions  are,  in  gen- 
eral, additive,  will  be  seen  from  a  brief  account  of  some  of  tlie  work 
which  has  been  done  on  solutions  of  salts.  Only  a  few  physical 
properties  will  be  considered. 

The  densities  of  solutions  of  a  number  of  B&lta  have  been  studied 
by  J.  Traube.  When  a  salt  is  added  to  water,  there  is  produced  a 
change  in  volume.  If  the  salt  is  completely  dissociated  by  the  water, 
this  change  must  be  the  sum  of  the  changes  produced  by  all  the  iona 
present. 

If  we  represent  hy  d  the  density  of  a  solution  containing  a  gram- 
molecular  weight  of  salt  having  a  molecular  weight  M,  in  g  grama  of 
■water,  and  the  denaity  of  pure  water  by  do,  we  have  an  increase  in 
volume  Ad  :  — 

d         de 

The  following  changes  in  volume  will  show  the  additive  nature 
of  this  property :  — 


(8.4) 


9.0    NbCI      17.7 
(fl.O) 

35.1       8.4     NaBr     26.7 
(10.3)  (0.4) 

45.4       9.3     Xal        3<I.I 


The  differences  between  the  halogens  are  practically  consi 
whether  they  are  combined  with  potassium  or  sodium.  Similarly, 
the  differences  between  the  alkalies  are  constant,  regardless  of  the 
nature  of  the  halogen  with  which  they  are  combined. 

The  cAanjw  in  votvme  in  neutralization  has  given  some  interesting 
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results  in  the  hands  of  Ostwald.^  He  measured  the  volume  changes 
produced  by  neutralizing  potassium,  sodium,  and  ammonium  hydrox- 
ides with  a  large  number  of  acids.  The  solutions  contained  a  gram- 
equivalent  of  the  substance  in  a  kilogram.  The  changes  in  volume 
are  expressed  in  cubic  centimetres. 


KOH 

DlFF. 

NaOH 

DiFF. 

NH4OH 

DiFF. 

Nitric  acid 

20.05 
(0.53) 

0.28 

19.77 
(0.53) 

26.21 

-6.44 
(0.13) 

26.49 

Hydrochloric  acid    .    . 

19.52 
(0.42) 

0.28 

19.24 
(0.43) 

25.81 

-6.57 
(0.13) 

26.09 

Hydrobromic  acid    .     . 

19.63 
(10.53) 

0.29 

19.34) 
(10.49) 

25.91 

-6.57 
(9.82) 

26.20 

Acetic  acid     .... 

9.52 
(11.78) 

0.24 

9.28 
(11.64) 

25.54 

-16.26 
(11.30) 

25.78 

Lactic  acid     .... 

8.27 
(8.15) 

0.14 

8.13 
(8.29) 

25.87 

-17.74 
(7.91) 

26.01 

Sulphuric  acid     .     .     . 

11.90 
(11.82) 

0.42 

11.48 
(11.84) 

25.83 

- 14.35 
(11.19) 

26.25 

Succinic  acid  .... 

8.23 
(10.64) 

0.30 

7.93 
(10.53) 

25.56 

-17.63 
(10.52) 

25.86 

Tartaric  acid  .... 

9.41 

0.17 

9.24 

26.20 

-16.96 

26.37 

The  differences  all  refer  back  to  nitric  acid  as  the  standard.  They 
are  the  same  for  two  different  bases  when  neutralized  with  the  same 
acid,  regardless  of  the  nature  of  the  acid ;  as  is  shown  by  the  practi- 
cally constant  value  of  the  "differences"  in  each  vertical  column. 

The  differences  are  also  the  same  when  any  given  acid  is  neutral- 
ized by  a  number  of  bases,  independent  of  the  nature  of  the  base ;  as 
is  shown  by  the  constant  value  of  the  bracketed  numbers  in  hori- 
zontal rows. 

The  minus  values  for  ammonia  mean  contraction  in  volume;  the 
positive  values  in  the  other  two  cases  mean  that  there  is  an  expan- 
sion in  volume. 

The  refractive  power  of  strongly  dissociated  solutions  has  been 
studied  especially  by  Gladstone  ^  and  Le  Blanc'  The  former  showed 
that  the  refraction  equivalents  of  two  salts  of  different  metals  was 
independent  of  the  nature  of  the  acid  with  which  the  metals  were 
combined.     And  the  converse  was  also  true;   that  the  refraction 

1  Jour,  prakt.  Chem.  [2],  18,  353  (1878). 

2  Phil.  Trans.  1868.     Kanonnikofif :  Jour,  prakt.  Chem.  [2],  81,  321  (1885). 
»  Ztachr.phys.  Chem.  4,  553  (1889). 
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equivalents  of  two  salts  of  different  acids  was  indepeDdent  of  the 
nature  of  the  ba^e  with  which  the  acids  were  combined.  lu  a  word, 
we  have  in  refractivity  a  distinctly  additive  property  —  the  refrac- 
tivity  beiug  the  sum  of  two  constants,  one  depending  upon  the  acid 
and  the  other  upon  the  base, 

Optietd  activity,  or  the  power  of  salt  solutions  to  rotate  the  plane 
of  polarized  light,  was  shown  by  Landolt'  to  be  an  additive  property. 
Completely  dissociated  solutions  of  salts  containing  an  optically  ac- 
tive ion  showed  the  same  rotatory  power,  If  the  concentrations  are 
the  same.  This  was  confirmed  by  the  work  of  Oudeman.'  He  found 
also  that  alkaloids  show  the  same  rotatory  power  for  equal  concen- 
trations, independent  of  the  nature  of  the  optically  inactive  acid 
with  which  they  are  combined;  and  further,  that  optically  active 
acids  show  the  same  rotatory  jwwer,  independent  of  the  nature  of 
the  inactive  base  combined  with  them. 

In  a  similar  manner  it  has  been  shown  by  Becquerel,  Perkin,' 
and  especially  by  Jahn,*  that  the  viagnetic  rotatory  power  of  com- 
pletely dissociated  solutions  is  an  additive  property. 

A  number  of  other  properties  of  completely  dissociated  solutions 
have  been  shown  to  be  additive;  such  as  «tr/ace-t«i»!'on,  inner  friction, 
heat  exjxnision,  toiveriiig  of  freeezing-point,  lotuering  of -vapor-ttntion, 
etc.  But  those  cousidered  above  are  quite  sufficient  to  show  that 
the  properties  of  completely  dissociated  solutiona  are,  in  general, 
additive,  — the  sum  of  two  constants,  —  the  one  depending  upon  the 
anion,  the  other  upon  the  cation. 

Additive  Properties  and  the  Theory  of  Eleotrolytic  DissDciatiDii. — 
The  agreement  between  this  larj^c  mass  of  facts  and  the  theory  of 
electrolytic  dissociation  is  a  strong  argument  in  favor  of  the  general 
correctness  of  the  theory.  The  importance  of  this  line  of  argument 
for  the  theory  was  early  recognized,  and  was  pointed  out  clearly  and 
at  some  length  by  Arrhenius'  when  he  proposed  the  theory  of  eleo- 
trolytic dissociation.  He  then  took  up  a  number  of  the  properties 
which  we  have  considered  in  this  section,  and,  in  addition,  other 
physical  properties  of  solutiona  which  it  would  be  premature  to  con- 
sider in  this  place. 

These  facts  not  only  fall  in  with  the  theory  of  electrolytic  disso- 
ciation, but  it  is  difficult  to  see  at  present  how  they  can  be  interpreted 
in  terms  of  any  other  theory.  The  fact  that  the  physical  projwrtiea 
of  dilute  solutions  of  electrolytes  are  additive,  —  i.e.  the  sum  of  two 


'  Bsr  d.  rhrm.  Ofirll.  6.  1073  (1873). 
«  Belhl.  Wied.  Ann.  9.  liiifl  (ISSSV 
*  Jour.  Chtm.  Soc.  U,  080  (1H8»). 


W!fd.  Ann.  43,  380  (1801). 
Ztschr.  phyi.  Chem.  1,  831  (1887). 
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constants,  —  would  certainly  indicate  that  the  two  parts  of  the  com- 
pound enjoyed  an  independent  existence  in  the  solution;  or  at  least 
an  existence  so  nearly  independent  that  each  had  but  little  influence  on 
the  other.  This  is  at  once  apparent  when  we  consider  that  the  prop- 
erties of  each  part  of  the  compound  manifest  themselves  as  if  it  alone 
were  present.  But  independent  existence  of  the  ions  is  but  another 
name  for  the  theory  of  dissociation. 

SOLUTIONS  IN  SOLIDS 

Solutions  of  Oases  in  Solids.  —  Many  solids  have  the  property  of 
dissolving  gases  in  large  quantities.  Thus,  charcoal  dissolves  large 
volumes  of  carbon  dioxide,  palladium  hydride  dissolves  hydrogen, 
etc.  Our  knowledge  of  such  solutions  is  almost  limited  to  the  fact 
that  they  exist.  It  is  known,  however,  that  the  greater  the  pressure 
to  which  the  gas  is  subjected,  the  larger  the  quantity  which  will  be 
absorbed  by  the  solid.  In  speaking  of  solutions  of  gases  in  solids 
we  mean,  as  in  all  other  cases  of  true  solution,  those  in  which  there 
is  no  chemical  action  between  the  gas  and  the  solvent.  The  fact 
that  gases  can  form  solutions  in  solids  is  often  utilized  to  remove 
the  gas  from  regions  where  it  is  not  desired.  The  solubility  of  a  gas 
in  a  solid  may  be  very  great,  indeed,  as  in  the  case  above  mentioned 
of  carbon  dioxide  in  charcoal. 

Solntions  of  Liquids  in  Solids.  —  It  is  well  known  that  solids  have 
the  general  property  of  taking  up  many  liquids  in  greater  or  less 
quantities.  The  great  difficulty  in  obtaining  solids  free  from  water 
might  be  taken  as  an  example.  Our  knowledge  of  the  properties  of 
such  solutions  is  really  limited  to  their  existence.  This  is  due  to 
the  fact  that  such  solutions  have  been  very  little  studied,  owing  in 
part  to  the  difficulties  involved  in  dealing  with  them.  In  solutions 
of  liquids  in  solids  it  is  difficult  to  say  just  when  chemical  action 
between  the  two  ceases,  and  true  solution  begins.  Our  lack  of 
knowledge  in  this  field  is  also  partly  due  to  the  fact  that  the  concep- 
tions of  modern  physical  chemistry  are  so  new  that  sufficient  time 
has  not  yet  elapsed  to  push  the  studies,  in  terms  of  these  concep- 
ti(m8,  into  remote  fields.  That  there  is  much  w^hich  can  be  learned 
in  reference  to  solutions  of  liquids  in  solids,  will  probably  be  shown 
in  the  not  very  distant  future. 

Solutions  of  Solids  in  Solids.  —  Here  our  knowledge  is  much  more 
satisfactory  than  in  either  of  the  cases  which  we  have  just  consid- 
ered. Indeed,  a  study  of  this  subject  will  show  how  interesting 
facts  become  when  some  one  has  pointed  out  their  meaning  and 
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importance.  Little  or  nothing  was  heard  of  solid  solutions  uatil 
Van't  Hoff'  published  his  now  well-known  paper  about  eleven  years 
ago. 

When  electrolytes  are  dissolved  in  water,  they  give  abnormally 
large  depressions  of  the  freezing-point  of  the  solvent.  To  account 
for  this  and  allied  phenomena,  the  theory  of  electrolytic  dissociation 
was  proposed.  When  some  other  substances  are  dissolved  in  solvents 
other  than  water,  they  give  abnormally  small  depressions  of  Ike  freez- 
ing-point. This  could  be  explained  by  assuming  the  presence  of 
complex  molecules  of  the  substance  dissolved.  If  this  assumption 
is  true,  then,  as  the  dilution  is  increased,  the  complex  molecules 
should  gradually  break  down  into  single  molecules,  and  for  very 
dilute  solutions  the  molecular  lowering  found,  for  such  substances 
should  agree  with  the  theoretical  value.  But  the  largest  value 
obtained  experimentally  for  the  molecular  depression  was  consider- 
ably smaller  than  the  calculated.'  This  led  Van't  Hoff  to  suspect 
that  when  certain  sobitjons  are  frozen,  the  solid  which  separates  ia 
not  the  pure  solvent,  but  a  iniiture  of  the  solvent  and  the  dissolved 
substance  forming  a  solid  sohitioii.  The  facts  known  at  that  time 
which  bore  on  this  point  were  then  considered  by  Van't  Hoff  in  the 
paper  above  cited. 

If  a  solid  solution  is  a  solid,  homogeneous  complex  of  several 
substances,  in  which  the  properties  can  change  without  destroyit^ 
the  homogeneity,  then  examples  are  known.  In  isomorphous  mix- 
tures, as  the  alums,  there  is  miscibility  in  all  proportions,  corre- 
sponding to  completely  miscible  liquids.  Another  example  ia  the 
formation  of  "  mixed  crystals,"  which  are  to  be  distinguished  from 
double  salts,  and  by  their  chemical  composition  show  no  isomorphism. 
Ammonium  chloride  forms  such  crystals  with  the  "  ous  "  cliloridea  of 
iron,  manganese,  nickel,  etc.  Ferric  chloride  is  taken  up  by  am- 
monium, calcium,  lithium,  etc.,  chlorides.  When  enough  ferric 
chloride  is  present,  tlie  first  two  form  also  a  double  salt,  which  can 
be  distinguished  from  the  mixed  crystal.  Further,  there  are  many 
colored  minerals  known  in  which  the  ground  mass  is  colorless.  Yet, 
opti(!al  investigations  have  shown  them  to  be  completely  homogene- 
ous. There  are  many  amorphous,  solid  solutions,  as  the  glasses  and 
hyaline  minerals. 

Spring'  has  furnished  the  following  interesting  example,  showing 


1  "  Ueber  feste  LOaungen  und  MolekuIai^ewichWbestiiommig  x 
pern,"  Ztschr.  pliys.  Chem.  B,  322  (1800). 

"Eykman:  Zlaehr.phya.  Chfm.  4,  4i)7  (ISSB). 
*  Stiil.  Soe.  Chim.  M,  16fl  (168G). 
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the  mutual  solubility  of  solids.  When  an  equimolecular  mixture  of 
barium  sulphate  and  sodium  carbonate  are  pressed  together,  a  double 
decomposition,  amounting  to  even  20  per  cent,  takes  place.  That 
an  equilibrium  should  be  established,  is  conceivable  only  on  the 
assumption  that  with  the  solids  we  have  a  partial  miscibility. 

Properties  of  Solid  Solations.  —  If  solid  solutions  are  a  reality, 
then  we  would  expect  to  find  at  least  some  of  the  properties  of 
gaseous  and  liquid  solutions  manifested  to  a  greater  or  less  degree. 
Such  is  the  case.  The  diffusion  of  a  solid  through  a  solid  has  been 
demonstrated.  When  barium  sulphate  and  sodium  carbonate  were 
pressed  together,  and  the  pressure  removed,  the  transformation  con- 
tinued, and  in  seven  days  amounted  to  from  73  to  80  per  cent. 
Diffusion  must  have  come  into  play  here ;  slow,  it  is  true,  but  this 
would  be  anticipated,  since  a  gas  diffuses  through  a  gas  far  more 
rapidly  than  a  liquid  through  a  liquid. 

A  more  striking  example  of  diffusion  in  solids  where  no  chemical 
action  comes  into  play,  is  the  penetration  of  hot  porcelain  by  carbon. 
Marsden  ^  proved  that  when  a  porcelain  crucible  is  heated  in  graphite, 
the  carbon  completely  penetrates  the  porcelain.  Further,  zinc  objects 
covered  with  a  thin  layer  of  copper  become  gradually  white,  due,  as 
analysis  has  shown,  to  a  gradual  increase  of  zinc  in  the  copper. 
This  illustrates  the  diffusion  of  solid  in  solid  at  ordinary  tempera- 
tures. Van't  Hoff  has  thus  furnished  examples  illustrating  beyond 
question  the  diffusion  of  solid  through  solid.  Other  examples  of  the 
diffusion  of  one  metal  through  another  have  been  furnished  by 
Spring.*  But,  perhaps,  the  most  striking  example  of  the  diffusion 
of  one  metal  through  another  has  been  recently  furnished  by  Roberts- 
Austin.'  Disks  of  gold  were  clamped  to  the  bases  of  lead  cylinders, 
and  allowed  to  remain  standing  for  four  years.  The  bases  of  the 
lead  cylinders  were  carefully  smoothed  and  the  disks  of  gold  espe- 
cially cleaned.  These  were  then  placed  in  a  vault,  whose  temperature 
was  practically  constant  at  18°  C.  At  the  end  of  four  years  it  was 
found  that  the  disks  of  gold  had  adhered  to  the  lead.  Slices  were 
cut  from  the  lead  cylinders  at  right  angles  to  the  axes  of  the  cylin- 
ders, and  these  were  then  assayed  for  gold.  It  was  found  that  the 
gold  had  penetrated  about  8  millimetres  into  the  lead;  the  gold 
being  more  concentrated  in  that  portion  of  the  lead  disk  which  was 
in  contact  with  the  gold  plate,  as  we  would  expect.  In  liquids  we 
seek  the  cause  of  diffusion  in  osmotic  pressure.     May  not  the  diffu- 

1  Proc.  Edinh.  Soc.  10,  712. 

^  Rapport  Congres  International  de  PhysiquCj  I,  412,  Paris,  1900. 

«  Proc.  Boy.  Soc.  67,  101  (IJKK)). 
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Bion  of  solid  through  aolid  be  of  like  origin?  From  tlie  QEiture  ol 
solid  solutions  it  seems  to  be  iuipossible  to  determine  this  directly. 
The  work  of  Colson,'  however,  on  the  diffusion  of  carbon  iu  iron  has 
made  it  probable  that  a  proportionality  exists  between  the  amount 
of  diffusion  and  the  concentration,  as  with  liquid  solutions  whose 
osmotic  pressure  obeys  Uoyle's  law. 

The  simplest  connection  between  Boyle's  law  and  the  other  laws 
of  osmotic  pressure  is  the  law  of  Henry.  If  this  applies  to  solid 
solutions,  gaaes  must  be  dissolved  by  solids  in  proportion  to  the 
gaseous  pressure.  Take  the  case  of  the  absorption  of  hydrogen  gas 
by  palladium.'  When  the  hydrogen  is  kejjt  at  2:i5  mm.  pressure  and 
lOO",  the  palladium  will  take  up  a  quantity  corresponding  to  the 
compound  I'd,H.  No  further  absorption  of  the  gas  witl  take  place 
unless  the  pressure  is  increased.  After  the  compound  Pd,H  is 
formed,  fui'ther  absorption  of  the  hydrogen  results  in  the  formation 
of  a  solid  solution.  For  our  consideration  only  the  hydrogen  which 
forms  a  solid  solution  comes  into  play. 

Let  P  represent  the  pressure  of  the  gas,  and  let  V  represent  the 
volume  of  the  gas  absorbed.  If  we  divide  the  pressure  by  the  total 
volume  absorbed,  minus  that  volume  which  was  taken  up  to  form  the 
compound  PdjH  (in  this  case  600j,  we  have :  — 


F 

P 

P 

F 

p 

-F^ 

80fl 

1428 

6.8 

775 

716 

4.1 

743 

909 

«.4 

743 

403 

3.6 

700 

598 

0.0 

718 

-301 

3.0 

872 

454 

0.3 

084 

247 

3.0 

042 

353 

S.4 

Palladium  sponge 

The  value  of  — — — -  is,  in  each  case,  as  near  a  constant  aa  could 

be  expected  from  the  nature  of  the  experiments. 

Since  Henry's  law  holds,  then,  for  solid  solutions  as  well  as  for 
liquid,  we  have  here  also  the  osmotic  prensure  equal  to  tlie  gas-jtreaaure 
for  the  same  concentration  and  temperature. 

Another  well-known  fact  in  connection  with  a  liquid  solution  is 
that  its  vapor-tension  is  less  than  that  of  the  solvent.  In  solid  solu- 
tions there  is  also  a  diminution  of  the  maximum  tension  of  the  aolvenL. 
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Lead  dithionate,'  which  decrepitates  very  easily,  showing  consider- 
able tension,  has  this  tension  markedly  diminished  by  forming  with 
it  an  isomorphous  mixture  containing  a  small  amount  of  the  calcium 
or  strontium  salt.  The  same  holds  for  iron  alum,  whose  tension  is 
diminished  by  the  formation  of  an  isomorphous  mixture  with 
aluminium  alum. 

This  diminution  in  tension  is  not  due  simply  to  the  addition  of  a 
constituent  which  has  a  smaller  tension,  since  the  tension  of  the 
mixture  is  less  than  that  of  either  constituent.*  This  decrease  in 
the  tension  of  solid  solutions  manifests  itself  in  the  decrease  of  solu- 
tion-tension, causing  a  decrease  in  solubility.  When  saturated  solu- 
tions of  ammonium  iron,  and  ammonium  aluminium  alums  are  brought 
together,  an  isomorphous  mixture  of  both  salts  separates,  showing  a 
decrease  in  solution-tension  or  solubility,  when  the  solid  solution  is 
formed.  Such  are  some  of  the  properties  of  solid  solutions,  and 
some  of  the  analogies  between  these  and  liquid  solutions.' 

Molecular  Weights  of  Solids.  —  To  determine  the  molecular 
weights  of  substances  in  the  liquid  condition  we  rely  chiefly  upon 
liquid  solutions.  May  not  solid  solutions  furnish  us  with  methods 
for  determining  the  molecular  weights  of  substances  in  the  solid 
state  ?  There  are  two  possibilities ;  the  one  having  to  do  with  the 
tension  of  the  dissolved  body ;  the  other  with  that  of  the  solvent. 

If  we  are  dealing  with  the  tension  of  the  dissolved  body,  the 
problem  reduces  itself  to  determining  whether  there  is  proportion- 
ality between  the  gas-pressure  and  the  concentration  of  the  solid 
solution  formed  —  whether  in  any  given  case  Henry's  law  holds.  If  it 
does,  the  dissolved  gas  has  the  same  molecular  weight  as  the  free 
gas.  Thus,  hydrogen  dissolved  in  palladium  hydride,  forming  a 
solid  solution,  has  a  molecular  weight  corresponding  to  Hj.     Were  it 

H,  or  H,  the  values  of would  have  been  much  farther 

'  '  F-600 

removed  from  a  constant. 

The  second  method  deals  experimentally  with  the  relation  between 
the  composition  of  the  solid  solution,  and  the  liquid  solution  from 
which  it  was  formed.  If  the  dissolved  body  has  the  same  molecular 
weight  in  both  solutions,  this  relation  must  be  constant.  To  deter- 
mine the  molecular  weight  of,  say,  thiophene  in  the  solid  condition, 
prepare  two  solutions  of  known  concentration  of  thiophene  in  benzene. 
When  these  are  frozen,  a  solid  solution  of  thiophene  in  benzene  will 
separate  in  each  case.     If  an  analysis  of  the  solid  shows  a  constant 

1  Von  Hauer :  Verhnnd.  d.  k,  k,  geoJ.  Reichsanstalt,  1877, 163. 
'  Lehmann  :  Molekularphysik^  2,  p.  57. 
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proportionality  between  the  amount  of  thiophene  in  the  solid 
liquid  solutions,  the  thiopheue  has  the  same  molecular  weight  in  the 
solid  as  in  the  liquid  form. 


Under  normal  depression  ia  the  lowering  which  would  have  been 
produced  had  no  soHd  solution  been  formed,  Siuce  the  composition 
of  the  crystals  which  separated  were  not  determined,  the  molecular 
weight  of  solid  thiophene  could  not  be  calculated.     The  fact,  how- 


',  that 


D 


is  a  constant,  makes  it  probable  that  the  percentage 


of  thiophene  in  the  solids  which  separated,  were  proportional  to  that 
in  the  solutions.  If  so,  thiophene  would  have  the  same  molecular 
weight  in  the  solid  as  in  the  liquid  solutions. 

Compoimds  which  can  form  Solid  SolutioiiB  with  One  Another.  — 
Since  the  tirst  fundamental  papei'  appeared  on  solid  solutions,  by 
Van't  Hoff,  the  study  of  such  solutions  has  been  devoted  to  two 
general  problems:  The  relation  between  the  chemical  constitution 
of  those  compounds  which  can  form  solid  solutions  with  one  another, 
and  the  determination  of  the  molecular  weight  of  solids  in  solid 
solutions. 

Most  of  our  knowledge  on  the  first-mentioned  problem  we  owe  to 
Ciaiciciau  and  his  colaborers,  Garelli  and  Ferratiui.'  The  object  of 
this  work  was  to  test  the  chemical  relations  between  substances 
which  are  necessary,  in  order  that  a  solid  solution  may  be  formed 
when  a  solution  of  one  in  the  other  was  frozen.  It  was  already 
known  that  phenol,  pyrrol,  thiophene,  pyridine,  and  piperidine,  dis- 
solved in  benzene,  gave  abnormally  small  depressions  of  the  freez- 
ing-point. This  would  indicate  that  solid  solutions  are  formed  only 
between  those  substances  which  have  similar  chemical  constitution) 
but  the  data  were  too  meagre  to  establish  finally  any  such  relation. 
The  paper  first  citpd  deals  only  with  cyclic  compounds ;  the  solve 
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used  being  benzene,  naphthalene,  phenanthrene,  and  diphenyl.  To 
determine  whether  a  solid  solution  was  formed,  the  freezing-point 
method  was  used.  Whenever  a  solid  solution  of  the  dissolved  sub- 
stance and  the  solvent  separated,  the  freezing-point  lowering  would 
be  abnormally  small.  It  was  shown  that  the  following  substances 
form  solid  solutions  with  the  solvent  indicated  just  above  in 
italics :  — 
Benzene, 

Thiophene,  pyrrol,  pyridine,  pyrroline,  and  piperidine. 
Naphthalene, 

Indol,  indine,  quinoline,  isoquinoline,  and  tetrahydroquinoline. 
Phenanthrene, 

Carbazol,  anthracene,  acridine,  and  hydrocarbazol. 
Diphenyl. 

Dipyridyl  and  tetrahydrodiphenyl. 

Indol  and  indene  in  benzene  give  normal  freezing-point  lower- 
ings ;  the  same  holds  for  carbazol  or  anthracene  in  benzene  or  naphtha- 
lene —  these  substances  forming  solid  solutions  with  phenanthrene. 
That  these  abnormally  small  depressions  of  the  freezing-point  were 
due  to  the  formation  of  solid  solutions  was  established  in  a  number 
of  cases  by  direct  experiment.  From  these  results  it  would  seem 
that  only  those  substances  are  capable  of  forming  solid  solutions 
with  one  another  which  have  a  cydic  structure  of  the  same  order; 
benzene  being  an  example  of  the  first  order,  naphthalene  of  the 
second,  and  anthracene  of  the  third. 

That  the  chemical  character  of  a  compound,  other  than  its  cyclic 
structure,  can  have  little  to  do  with  its  power  of  forming  solid  solu- 
tions, is  shown  by  the  fact  that  compounds  as  different  as  pyrrol  and 
pyridine  manifest  the  same  general  cryoscopic  behavior  with  benzene. 

It  will  be  seen  from  the  foregoing  that  the  formation  of  solid  solu- 
tions consists  in  the  dissolved  substance  and  the  solvent  crystallizing 
out  of  the  solution  together.  This  being  the  case,  it  is  not  impos- 
sible that  the  relation  between  the  crystallographic  forms  of  the  two 
substances  may  play  a  prominent  part  in  determining  what  sub- 
stances can  form  solid  solutions  with  one  another.  Certain  relations 
have  already  been  pointed  out  ^  between  the  crystallographic  con- 
stants of  those  substances  which  can  form  solid  solutions.  Here, 
however,  partly  on  account  of  crystallographic  difficulties,  the  data 
at  hand  are  far  too  few  for  purposes  of  generalization.  A  second 
paper,*  dealing  with  this  part  of  the  subject,  furnishes  further  data 

1  Ciamician  :  Ztschr,  phys.  Chem,  18,  6  (1894). 

2  Garelli :  Ibid,  18,  61  (1895). 


274  THE  ELEMENTS  OF  PHYSICAL   CHEMISTRT 

which  substautiate  essentially  the  concluaiona  arrived  at  in  the  first 
It  may,  then,  be  stated  that  in  the  ring  compounds  agreement  in 
cyclic  order  seems  to  be  necessary  in  order  that  solid  solutions  may 
be  formed.  It,  however,  does  not  follow,  and  it  ia  not  true,  that  solid 
solutions  are  formed  whenever  auch  an.  agreement  exists. 

Work  of  Kaster  oa  the  Molecular  Weights  of  Solida.  — Con- 
siderable work  on  the  second  problem  —  the  molecular  weights  of 
substances  in  aolid  solutions  —  has  been  done  recently  by  Klister.' 
He  studied  at  first  the  division  of  a  given  componnd  between  two 
solvents  which  are  practii^Ilj  insoluble  in  one  another ;  the  one 
being  a  liquid,  the  other  a  solid.  The  solvents  chosen  were  water 
and  pure  caoutchouc.  To  these,  in  the  presence  of  each  other,  ether 
was  added  and  the  quantity  taken  by  each  solvent  determined.  If 
the  molecular  weight  of  ether  in  the  water  was  the  same  as  in 
caoutchouc,  when  more  and  more  ether  was  added  to  the  solvents  the 
quantity  taken  up  by  a  given  volume  of  the  one,  divided  by  the 
quantity  taken  up  by  the  same  volume  of  the  other,  would  be  a  con- 
stant. That  this  is  true  has  been  shown  experimentally '  by  quan- 
titative determinations  of  the  division  of  a  substance  between  two 
solvents,  and  is  analogous  to  the  law  of  Henry  for  gases. 

The  experimental  problem  for  Klister  was,  then,  the  addition  of 
varying  amounts  of  ether  to  a  given  volume  of  water  and  a  known 
weight  of  caoutchouc  in  the  presence  of  each  other,  and  the  deter^ 
mination  of  the  amount  of  ether  taken  in  every  case  by  each  solvent. 
The  same  point  would  of  course  be  reached  by  keeping  the  amount 
of  ether  constant,  and  changing  the  relative  amounts  of  the  two 
solvents.  Both  methods  were  employed.  The  total  amount  of  ether 
used  in  any  experiment  was  known.  The  amount  which  was  taken 
by  the  water  was  determined  by  the  lowering  of  the  freezing-point 
of  the  water  produced  by  the  ether.  The  difference  between  these 
two  quantities  was  the  ether  which  had  been  taken  up  by  the  caout- 
chouc. Care  was  taken  to  construct  a  freezing-point  apparatus 
which  would  prevent  loss  in  ether  by  evaporation.  The  time  re- 
quired for  equilibrium  to  be  established  between  the  ether  and  the 
two  solvents  was  duly  regarded,  and  was  shown  not  to  exceed  three 
hours. 

In  the  first  series  of  experiments  weighted  amounts  of  caoutchouc 
were  added  to  a  known  volume  of  water  and  of  ether,  and  the  freezing- 
points  of  the  aijueoTis  solutions  of  ether  determined  after  equilibrium 
had  been  eatabliahed  in  each  case.     Fifty  cubic  centimetres  of  water 
>  Z«cAr.  pliy$.  Chem.  18.  445  (181H)  ;  17,  367  (1806). 
*  Jakowkin  :  Ibid.  18,  5B&  (181)5), 
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were  used  and  6  c.c.  of  ether.    The  results  of  this  series  are  given 
below :  — 


Caout- 

E 

Aw 

Vto 

Cw 

Ah 

Vk 

Ck 

Ck 

'^Ck 

chouc 

c.c. 

c.c. 

c.c. 

CO. 

CO. 

CO. 

Cw 

Cw 

1 

17.606 

-1.265 

3.41 

63.41 

6.38 

1.69 

20.62 

7.71 

1.21 

0.436 

2 

10.188 

-1.380 

3.72 

63.72 

6.92 

1.28 

12.29 

10.41 

1.65 

0.466 

8 

6.924 

-1.610 

4.07 

64.07 

7.62 

0.93 

7.33 

12.69 

1.69 

0.473 

4 

2.724 

-1.660 

4.47 

64.47 

8.21 

0.63 

3.67 

14.86 

1.81 

0.469 

In  the  preceding  table :  — 

E  is  the  freezing  temperature  of  the  aqueous  solution  of  ether ; 
Aw  is  the  number  of  cubic  centimetres  of  ether  in  the  aqueous 
solution,  calculated  from  the  value  of  E ; 
Vv)  is  the  volume  of  the  aqueous  solution ; 
Cw  is  the  volume  concentration  of  the  ether  in  the  aqueous  solution, 

^  100  Aw^ 
Vw    ' 

Ak  is  the  ether  in  the  caoutchouc,  =  5  —  Aw ; 

Vk  is  the  volume  of  the  caoutchouc  solution  of  ether  ; 

Ck  is  the  volume  concentration  of  the  ether  in  the  caoutchouc, 


=  100 


Vk 


Ck 


The  value  of  —  is  not  constant,  but,  as  is  seen  in  the  table, 

Cw 

increases  as  the  amount  of  caoutchouc  present  decreases;  showing 
that  the  molecular  weight  of  the  ether  dissolved  in  the  caoutchouc  is 
greater  than  of  that  in  the  water. 

Ether  dissolved  in  water  gives  a  normal  molecular  depression  of  the 
freezing-point,  and  has,  therefore,  the  simplest  molecular  weight, 
which  corresponds  to  the  formula  C4H10O.  The  ether  molecule  in 
the  caoutchouc  must  consist  of  more  than  one  chemical  molecule. 


Since  the  values  of 


VCk 
Cw 


are  very  nearly  constant,  the  molecular  • 


weight  of  ether  in  caoutchouc  must,  in  part  at  least,  be  double  the 
simplest  molecular  weight ;  *  for,  as  we  shall  learn,  the  square  root 
sign  in  this  connection  has  that  significance. 

1  Ztschr,  phys.  Chem.  8,  112  (1891). 
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lu  a  aecond  series  of  experiments  the  amount  of  water  ancf 
caoutchouc  were  kept  constant,  and  the  amount  of  ether  changed. 

The  value  of  -^—  increased  with  increase  in  the  concentration  of 

Oiv 
ether,  showing  that  more  double  molecules  exist  in  the  caoutchouc 
when  the  concentration  of  the  ether  is  increased,  as  would  be 
expected.  In  the  moat  dilute  solution  of  ether  employed,  it  is 
calculated  that  only  one-tenth  of  the  ether  in  the  caoutchouc  eKists 
as  double  molecules;  while  in  the  most  concentrated  solution  of 
ether,  about  one-half  of  the  molecules  are  double. 

The  effect  of  temperature  on  the  division  of  ether  between  water 
and  caoutchouc  was  also  investigated.  It  was  found  that  the  water 
takes  relatively  more  of  the  ether,  the  lower  the  temperature.  The 
number  of  double  molecules  of  ether  lu  the  caoutchouc,  for  a  given 
amount  of  ether,  is  about  three  times  as  great  at  0°  as  at  21° ;  show- 
ing an  increase  in  the  number  of  simple  molecules  with  increase  in 
temperature,  as  would  be  expected. 

The  Holecolar  Weight  of  a  Fore  Homogeneoiu  Solid.  —  The 
work  described  up  to  this  point  has  shown,  according  to  KUster, 
that  ether  dissolved  in  caoutchouc  consists  partly  of  single  and  partly 
of  double  molecules ;  the  number  of  double  molecules  increasing  aa 
the  concentration  of  the  ether  increases,  and  as  the  temperature  is 
lowered.  This  tells  us,  however,  absolutely  nothing  aa  to  the  molec- 
ular weight  of  pure  ether  in  the  solid  condition. 

The  second  investigation '  of  KUster  aims  at  a  solution  of  the 
problem  of  the  molecular  weight  of  a  pure  substance  when  in  the 
solid  solution.  In  his  original  paper  on  solid  conditions  Van't  Hoff 
included  isomorphous  mixtures.  In  these  substances  Kllster  con- 
cludes that  the  physical  molecules  of  the  solvent  and  of  the  dissolved 
substance  must  have  like  structure,  and  be  composed  of  a  like  num- 
ber of  chemical  molecules.  If  we  could  ascertain  the  molecular 
weight  of  one  of  the  substances  in  the  isomorphous  mixture,  we 
would,  therefore,  know  the  molecular  weight  of  the  other,  which  we 
can  regard  as  the  solvent. 

The  division  of  one  constituent  of  the  isomorphous  mixture 
between  the  other  (which  we  will  regard  as  a  solid  solvent)  and  a 
liquid  solvent,  would,  as  seen  above,  throw  light  on  the  molecular 
weight  of  the  constituent  of  the  mixtui-e  first  mentioned.  It  was 
difficult  to  find  an  isomorphous  mixture  which  would  fulfil  the  con- 
dition that  only  one  constituent  should  be  soluble  in  the  liquid  solv- 
ent. KUster,  however,  secured  such  in  a  mixture  of  naphthalane 
'  ZUchr.  phys.  Chf:m.  17,  357  (1SB6). 
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and  /S-naphthol.  These  compounds  form  a  complete  series  of  iso- 
morphous  mixtures  with  one  another.  Further,  the  /S-naphthol  was 
soluble  in  water,  which  was  used  as  the  liquid  solvent,  while  the 
naphthalene  was  practically  insoluble.  The  experimental  work  con- 
sisted, then,  in  determining  the  division  of  the  /J-naphthol  between 
the  water  and  the  naphthalene.  Isomorphous  mixtures  of  /J-naphthol 
and  naphthalene  of  known  composition  were  added  in  turn  to  meas- 
ured volumes  of  water,  and  shaken  with  it  until  the  water  became 
saturated  with  the  /J-naphthol.  The  amount  of  /J-naphthol  present 
in  the  water  in  each  case  was  then  determined. 

If  we  represent  the  concentration  of  /S-naphthol  in  the  water  by 
Kw,  and  the  concentration  of  that  which  remains  in  the  mixture  by 
Km,  we  have  — 

VKin 


Kw 


=  a 


The  values  found  experimentally  vary  from  11.8  to  20.8. 

The  author  concludes,  as  with  ether  in  caoutchouc,  and  for  the 
same  reason,  that  the  /8-naphthol  in  the  isomorphous  mixture  has 
twice  the  molecular  weight  of  that  in  the  water.  The  molecular 
weight  of  )8-naphthol  in  water  has  been  shown  to  correspond  to  the 
simple  formula  CioHsO.  )8-naphthol  in  naphthalene  has,  then,  the 
double  molecular  weight  (CioHOg),. 

)8-naphthol  forms  isomorphous  mixtures  with  naphthalene ;  there- 
fore, the  molecules  of  crystallized  naphthalene  and  also  of  /9-naphthol 
are  to  be  expressed  by  the  double  formulas, 


(CoHs)^  and  (CioHaO)^. 


There  are  certain  assumptions  involved  in  this  process  of  reason- 
ing, so  that  the  conclusion  while  interesting  cannot  be  accepted  as 
final. 

We  have  studied  examples  of  solutions  of  matter  in  every  state 
of  aggregation,  in  matter  of  the  same  and  every  other  state.  We 
shall  now  turn  from  the  study  of  matter  as  such,  to  the  study  of 
other  changes  which  always  take  place  to  some  extent  when  sub- 
stances react  chemically.  Thus,  thermal  changes  always  accompany 
chemical  reaction.  Again,  if  the  reaction  takes  place  under  certain 
conditions  marked  electrical  changes  result. 

It  was  early  recognized  that  energy  transformations  of  some  kind 
frequently  accompany  the  transformations  of  matter ;  but  the  atten- 
tion of  the  earlier  chemists  was  confined  almost  entirely  to  the  study 
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of  the  material  changes  which  were  effected  by  chemical  reaction. 
The  nature  of  the  substances  which  enter  into  the  reaction,  and 
eapeciailj  the  nature  of  the  products  forraed,  furnished  the  chief 
problems  for  the  chemist  in  the  first  half  of  the  nineteenth  century. 
During  the  latter  half  of  the  century,  however,  more  and  more  atten- 
tion was  ])aid  to  the  energy  changes ;  especially  to  the  amount  of 
heat  which  is  set  free  when  substances  react ;  and  this  continued 
until  the  new  physical  chemistry,  in  the  last  fifteen  years  of  the 
century,  showed  the  tremendous  importance  of  these  energy  trans- 
formations. Indeed,  we  know  now  that  it  is  almost  impossible  to 
overestimate  their  importance,  since  they  are  probably  the  cause  of 
all  chemical  activity.  Substances  react  chemically  because  of  differ- 
ences in  the  quantity  and  intensity  of  the  chemical  energy  present 
in  them.  In  studying  energy  changes  we  are  then  dealing  with  the 
real  cause  of  reactions,  and  from  the  standpoint  of  the  science  of 
chemistry  these  are  far  more  important  than  the  material  transfor- 
mations which  accompany  them.  The  fundamental  problems  of 
chemistry  will  never  be  solved  by  a  study  of  the  material  changes 
alone,  since  these  are  relatively  the  less  important  side  of  chemical 
phenomena ;  but  only  through  elaborate  investigation  of  the  energy 
relations  which  obtain  in  systems  before  reactions,  and  in  the  prod- 
ucts of  the  reaction.  The  remainderof  our  subject  has  to  do  largely 
with  energy  changes.  The  transformations  of  chemical  energy  into 
heat  constitute  the  subject-matter  of  TItvrvvxhemisfrT/. 

ElectrodiemisWy  deals  with  the  transformation  of  chemical  en- 
ergy into  electrical,  and  of  electrical  into  chemical. 

The  relations  between  chemical  energy  and  light  furnish  the 
material  of  Photacliemistrg.' 

We  can  also  study  the  velocities  with  which  chemical  reactions 
take  ptai'e,  and  the  conditions  of  equilibrium  in  such  reactians. 
These  furnish  the  subject-matter  of  Clieinical  Dynamics  and  C/temieal 
Equilibrium. 

We  may  also  measure  the  relative  CItemic.al  Acticitien  of  different 
substances. 

We  shall  take  up  first  the  subject  of  thermochemistry. 

•  These  subjects  are  taken  op  in  the  above  order,  sliice  in  terms  of  our  pre- 
vailing theorlea  wc  deal  first  witli  beat,  then  with  electricity,  and  flnall;  with 
Ugbt. 
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DEVELOPMENT  OF  THERMOCHEMISTRY 

Earlier  Observations;  Law  of  Lavoisier  and  Leplace.  —  It  was 

very  early  observed  that  chemical  reactions  are  accompanied  by 
thermal  changes.  Sometimes  heat  is  absorbed,  but  much  more 
frequently  it  is  given  out.  The  qualitative  observations  were  fol- 
lowed by  quantitative  measurements  as  early  as  the  time  of  Robert 
Boyle.  The  first  valuable  measurements  of  the  heat  of  reaction  were 
made  by  Lavoisier  and  Leplace.^  They  measured  the  amounts  of 
heat  liberated  in  many  chemical  reactions,  and  also  studied  the 
thermal  changes  which  take  place  within  the  living  body.  They 
arrived  at  the  first  important  generalization  in  the  field  of  thermo- 
chemistry. 

The  amount  of  heat  which  is  required  to  decompose  a  compound  into 
its  constituents  is  exactly  equal  to  that  which  was  evolved  when  the  com- 
potiJid  was  formed  from  these  constituents,^ 

The  Work  of  Hess.  —  Modern  thermochemistry  may  be  said  to 
date  from  the  time  of  Hess.'  He  discovered  a  fact  whose  impor- 
tance for  thermochemical  study  it  is  difficult  to  overestimate.  Many 
chemical  processes  do  not  take  place  in  one  stage,  but  in  several ; 
and  it  was  often  difficult,  not  to  say  impossible,  to  deal  with  such 
from  the  thermochemical  standpoint.  Hess  showed  that  the  heat 
evolved  in  a  chemical  process  is  tJie  same  toJiether  it  takes  place  in  one 
or  in  several  stages.  This  principle,  known  as  the  "  Constancy  of 
the  heat  sum,"  made  it  possible  to  deal  with  a  large  number  of 
reactions  which  otherwise  would  lie  entirely  out  of  the  scope  of  ther- 
mochemical measurements.  Take,  for  example,  the  burning  of 
sulphur  in  oxygen.  If  we  know  the  heat  evolved  when  sulphur  is 
burned  in  oxygen  to  form  sulphur  dioxide  and  the  heat  evolved 
when  sulphur  dioxide  is  burned  to  sulphur  trioxide,  we  would  know 

1  (Euvres  de  Lavoisier,  II,  2^3.  ^Ihid.  II,  287. 

«  Pogg,  Ann.  60,  386  (1840).    Klassik.  d.  exakt.  Wissen.  9. 
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at  once  the  amount  of  heat  which  would  be  evolved  when  sulphur 
was  burned  directly  to  sulphur  trio xide,  —  it  would  be  the  sum  of 
the  above  quantities.  On  the  other  hand,  if  we  knew  the  heat 
evolved  when  sulphur  is  burned  to  the  trioside,  and  the  heat  evolved 
when  the  dioxide  is  oxidized  to  the  trioxide,  we  would  know  the 
heat  which  would  be  set  free  when  sulphur  wa3  burned  to  the 
dioxide,  —  it  would  be  the  difference  between  the  above  two  quan^ 
titiea. 

This  simple  example  will  suffice  to  illustrate  the  application  of 
the  principle  in  thermochemistry.  It  is  almost  constantly  used  in 
dealing  with  the  more  complex  reactions,  especially  in  the  field 
of  organic  chemistry.  Indeed,  without  the  aid  of  it,  our  knowledge 
of  the  thermochemistry  of  organic  reactions  would  be  very  limited. 

Hess  made  a  second  very  important  contribution  to  thermo- 
chemistry. When  solutions  of  neutral  salts  are  mixed  there  is  no 
thermal  change,  and  Hess  expressed  this  fact  in  his  Law  of  ike  Tltermo- 
nevtralil-y  of  Salt  Soiutians.  We  shall  see  that  this  law  is  extremely 
interesting  in  the  light  of  the  theory  of  electrolytic  dissociation, 
which  fui-nishes  for  the  first  time  a  satisfactory  explanation  of  it. 
Indeed,  we  shall  learn  how  the  law  is  a  necessary  consequence  of 
this  theory. 

Hess  attempted  to  explain  the  law  of  the  thermo-neutrality  of 
salt  solutions,  on  the  assumption  that  the  heat  evolved  in  salt 
formation  depends  only  on  the  nature  of  the  acid  and  not  at  all  on 
the  nature  of  the  baae.  This  assumption  was  erroneous  and,  there- 
fore, the  explanation  based  upon  it. 

So  important  is  the  work  of  Hess  that  he  is  regarded  as  the 
father  of  all  modern  thermochemiBtry. 

Work  of  Favre  and  Silbennaim.  —  The  experimental  work  of 
Favre  and  Silbermanu'  is  of  the  very  greatest  importance  for  the 
development  of  thermochemiatry.  There  are  few  physical  measure- 
ments more  difficult  than  the  determination  of  the  amount  of  heat. 
The  determination  of  temperature  alone  is  nut  always  a  simple 
matter,  but  this  is  but  the  first  stage  in  determining  the  quantity 
of  heat.  To  determine  the  amount  of  heat,  we  must  allow  this  to 
warm  some  substance  like  water,  and  must  know  the  rise  in  tempera- 
ture produced  and  the  amount  of  water  used.  The  experimental 
solution  to  a  thermochemica5  problem,  therefore,  involves  several 
steps.  When  the  heat  is  liberated  in  the  reaction,  it  must  be  taken 
up  by  some  substance  whose  specific  heat  is  known  —  say  watec 


I.  Clitm,  Fhya.  [:l].  ! 
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The  water  must  be  enclosed  in  some  form  of  vessel,  and  this  vessel 
has  a  different  specific  heat  from  that  of  the  water.  Further,  the 
vessel  and  water,  as  quickly  as  they  become  warmed  above  the 
temperature  of  surrounding  objects,  begin  to  radiate  heat  outward 
upon  the  colder  objects.  There  is  thus  a  continual  loss  of  heat 
taking  place  during  the  experiment.  Again,  the  liquid  must  be 
kept  stirred  during  the  experiment  to  secure  uniform  temperature 
throughout.  The  stirring  produces  heat,  and  the  stirrer  has  a  differ- 
ent specific  heat  from  that  of  the  water.  The  specific  heat  of  the 
water  itself  must  be  determined  at  different  temperatures,  etc. 
These  are  just  a  few  of  a  very  large  number  of  factors  which  have 
to  be  reckoned  with  in  all  thermochemical  measurements. 

The  work  of  Favre  and  Silbermann  had  to  do  chiefly  with  the 
improvement  of  the  experimental  method  for  making  calorimetric 
measurements.  They  devised  a  form  of  calorimeter  which  lies 
at  the  basis  of  all  the  forms  which,  have  been  used  since  their  time. 
They  made  a  large  number  of  thermochemical  measurements,  and 
showed  that  the  heat  of  neutralization  depends,  not  only  on  the  acid 
as  Hess  had  supposed,  and  not  only  on  the  base  as  Andrews  ^  thought, 
but  that  it  depends  upon  both.  The  investigations  of  Favre  and 
Silbermann  are  nearly  as  important  experimentally  as  those  of  Hess 
are  theoretically  for  the  development  of  modern  thermochemistry. 

Investigations  of  Jolins  Thomsen.  —  Thermochemistry  in  recent 
times  has  centred  around  two  men;  and  our  most  reliable  results 
were  obtained  by  these  men  and  their  pupils.  One  of  these  is  Julius- 
Thomsen  in  Copenhagen.  Thomsen's  investigations*  extend  from 
the  fifties  up  to  the  present.  His  collected  works,*  published  in  four 
volumes,  contain  the  most  important  thermochemical  data  on  record. 

Thomsen  recognized  that  all  chemical  reactions  are  accompanied 
by  thermal  changes,  and  undertook  to  measure  the  magnitude  of  these 
changes  in  a  very  large  number  of  cases.  He  improved  thermo- 
chemical methods  far  beyond  any  of  his  predecessors,  and  the  methods 
which  he  employed  have  been  subsequently  improved  only  in  cer- 
tain minor  points.  The  work  of  Thomsen  will  constantly  reappear 
throughout  the  entire  chapter  on  thermochemistry. 

Berthelot's  Investigations  and  Dediictions. -r- It  was  stated  that 
in  recent  times  two  men  have  led  the  work  in  thermochemistry. 
The  one,  a  Dane,  has  just  been  mentioned;  the  work  of  the  other, 
a  Frenchman,  —  Berthelot,  —  will  now  be  considered.    The  work  of 

1  Pogg.  Ann.  64,  208  ;  59,  428  ;  66,  31  (1841-1845). 

2  Ibid.  88,  :W9  (185:^);  90,  261  ;  91,  83  (1864);  92,  34  (1853). 
•  Thermochemische  Untersuchungen,    4  volumes  (1882). 
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Berthelot  was  begun  somewliat  later  than  that  of  Thotnsen  ^  his  first 
publication  having  appeared  in  1865.'  It  was  not  until  considerably 
later'  that  Berthelot  began  his  experimental  work,  which  has  con- 
tinued with  more  or  less  regularity  up  to  the  present.  Berthelot 
improved  a  number  ot  forms  of  apparatus,  and  devised  new  methods 
of  work,  which  greatly  extended  our  knowledge  in  this  field.  The 
Berthelot  bomb,  in  which  combustions  were  effected  in  oxygen  under 
high  pressure,  made  it  possible  to  study,  therm ochemically,  a  laj-ge 
number  of  heats  of  combustion  of  organic  substances,  which  could 
not  have  been  dealt  with  under  ordinary  conditions.  TJie  work  of 
Berthelot,  like  that  of  Thomsen,  will  constantly  appear  throughout 
this  chapter.  The  three  fundamental  principles  or  generalizations 
at  which  he  arrived  sboidd,  however,  be  mentioned  in  this  place. 

I.  The  thermal  change  in  a  chemical  reaction,  if  no  external 
work  is  done,  depends  only  on  the  condition  of  the  system  at  the 
beginning  and  end  of  the  reaction,  and  not  on  the  intermediate 
conditions. 

II.  The  heat  evolved  in  a  chemical  process  is  a  measure  of  the 
corresponding  chemical  and  physical  work. 

III.  "  Every  chemical  transformation  which  takes  place  without 
the  addition  of  energy  from  without,  tends  to  form  that  substance  or 
system  of  substances,  the  production  of  which  ia  accompanied  by 
the  evolution  of  the  maximum  amount  of  heat."' 

This  third  principle,  which  has  come  to  be  known  as  the  law  of 
maximum  work,  but  which  should  be  known  as  the  law  of  maximum 
heat  evolution,  has  also  been  stated  by  Berthelot  *  as  follows :  — 

"  Every  chemical  change  which  is  accomplished  witliout  a  pre- 
liminary action,  or  the  addition  of  external  energy,  necessarily  occurs 
if  it  is  accompanied  by  disengagement  of  heat." 

The  third  principle  when  stated  in  this  form  is  known  as  the 
"principle  of  the  necessity  of  reactions."  We  shall  learn  that  the 
third  principle  of  Berthelot  is  far  from  a  rigid  generalization.  It 
holds  in  a  large  majority  of  cases,  but  there  are  so  many  exceptions 
known  that  it  cannot  be  regarded  as  a  law  of  nature.  However^ 
when  we  consider  the  vast  number  of  ca.'ies  to  which  the  principle 
does  apply,  we  see  in  it  the  germ  of  some  great  truth,  which  has 
not  yet  been  fully  understood  and  expressed. 

With  this  preliminary  historical  introduction,  we  shall  turn  to 
the  subject  of  thermochemistry  proper. 


'  Ann.  Chim.  Phyt-  {*-[,  6,  290  (1965). 
•  Ibid,  [ij,  SB,  M  (1873). 
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CONSERVATION  OF  ENERGY  APPLIED  TO  THERMO- 

CHEMISTRY 

Mass  unchanged  in  Chemical  Beactions.  —  One  of  the  facts  funda- 
mental to  the  whole  science  of  chemistry  is  the  conservation  of 
mass.  When  chemical  reaction  takes  place,  the  substances  change 
most  of  their  properties.  A  liquid  may  become  a  gas  or  a  solid,  a 
solid  a  liquid  or  a  gas.  A  poisonous  substance  like  chlorine  may 
combine  with  a  metal  like  sodium,  forming  a  compound  which  is 
not  only  not  injurious  to  the  body,  but  nutritious ;  and  so  on  through 
the  entire  list  of  properties  except  that  of  mass.  Some  of  the  most 
accurate  experimental  work  which  has  ever  been  carried  out  had 
for  its  object  the  solution  of  the  problem  —  is  mass  unchanged  in 
chemical  action?  The  epoch-making  work  of  Stas  on  the  atomic 
weights  of  some  of  the  elements  showed  very  slight  differences 
between  the  sum  of  the  masses  of  the  products  of  a  reaction,  and 
the  sum  of  the  masses  of  the  constituents  which  enter  into  the 
reaction.  In  no  case,  howevet,  were  these  differences  larger  than 
the  possible  experimental  errors. 

In  recent  time,  as  we  have  already  seen  (p.  2),  an  investiga- 
tion was  carried  out  by  Landolt  ^  to  determine  whether  the  weight 
of  the  products  of  a  reaction  is  exactly  equal  to  the  weight  of  the 
constituents  before  the  reaction  —  weight  being  our  means  of  meas- 
uring mass.  The  result  showed  that  slight  differences  existed 
between  the  weight  of  the  products  of  a  reaction,  and  the  weight 
of  the  constituents  before  the  reaction;  but  these  differences 
were  always  so  small  that  no  final  conclusion  could  be  drawn 
from  them. 

The  conservation  of  mass,  then,  stands  out  as  the  one  property  of 
matter  which  always  remains  unchanged,  regardless  of  the  number 
and  kind  of  chemical  transformations  through  which  the  matter  is 
passed.  The  importance  of  this  great  law  of  nature  for  the  science 
of  chemistry  it  is  absolutely  impossible  to  overestimate.  If  there 
was  a  change  in  mass  in  chemical  reaction,  all  quantitative  work 
would  be  impossible,  and  chemistry  would  be  reduced  to  mere  quali- 
tative observations.  The  science  of  chemistry  rests,  fundamentally, 
upon  the  law  of  the  conservation  of  mass.  Another  law  of  equal  im- 
portance we  shall  now  consider. 

Energy  unchanged  in  Chemical  Beactions.  —  In  chemical  reactions 
two  great  changes  take  place. 

1  Ztschr.  phys.  Chem,  12,  1  (1893). 
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1,  A  change  in  all  the  properties  of  the  substances  which  r 
except  mass. 

2,  A  change  in  the  form  of  energy  in  the  reacting  substances. 
While  the  form  of  energy  changes,  the  question  arises,  is  there 

any  loss  or  gala  in  energy  in  chemical  reactions  ?  The  law  of  the 
conservation  of  energy,  wliich  is  one  of  our  best  established  laws  of 
nature,  comes  to  our  aid.  This  law  is  stated  by  Maxwell '  as  fol- 
lows :  "  The  total  energy  of  any  material  system  is  a  quantity  which 
can  neither  be  increased  nor  diminished  by  any  action  between  the 
parts  of  the  system,  though  it  may  be  transformed  into  any  of  the 
forms  of  which  energy  is  susceptible." 

The  total  energy  is,  then,  the  same  after  the  reaction  as  before. 
Before  the  reaction  the  total  energy  was  in  the  form  of  cheraieal  or  in- 
trinsic energy.  After  the  reaction  a  part  still  remains  in  the  form 
of  intrinsic  energy,  a  part  is  transformed  into  heat,  and  if  there  is  a 
change  in  volume,  as  almost  always  occurs,  a  part  is  spent  in  doing 
external  work. 

If  we  represent  the  change  in  the  intrinsic  energy  by  dE,  the  heat 
evolved  or  absorbed  by  dO,  and  the  external  work  done  by  d  W,  we 
have  — 

dE  =  d6  +  d  W. 

The  law  of  the  conservation  of  energy  is  as  fundamental  to  the 
science  of  thermoohemistiy  as  the  law  of  the  conservation  of  mass 
is  to  the  science  of  pure  chemistry.  If  energy  were  either  created  or 
destroyed  in  ohemical  reactions,  we  could,  it  is  true,  measure  the 
amount  of  heat  liberated  in  chemical  reactions;  but  such  measure- 
ments would  have  relatively  little  value;  indeed,  about  the  same 
value  as  quantitative  determinations  in  pure  chemistry  if  the  law  of 
the  conservation  of  mass  did  not  apply.  The  law  of  the  conserva- 
tion of  energy,  which  is  the  first  principle  of  thermodynamics,  is, 
then,  the  foundation  of  the  science  of  thermochemistry. 

Same  Amoant  of  Heat  liberated  under  the  Same  Condltioiu. — The 
same  chemical  reaction  under  the  same  conditions  always  liberates 
the  same  amount  of  beat.  In  order  to  obtain  this  result  the  reaction 
must  take  place  under  exactly  the  same  conditions.  Thus,  the  heat 
liberated  when  a  given  quantity  of  metal,  say  zinc,  dissolves  in  a 
certain  solution  of  an  acid,  is  a  constant.  Hut  in  order  that  this 
amoTint  of  heat  may  be  obtained,  the  metal  and  acid  must  be  at  a 
definite  temperature,  and  the  solution  of  the  acid  must  have  a  cer- 
tain definite  concentration.     If  the  acid  varies  in  concentration,  the 

'  M'Ufer  and  Motion,  art.  74. 
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products  formed  may  be  different,  and,  consequently,  a  different 
amount  of  intrinsic  energy  may  be  converted  into  heat.  Again,  we 
may  have  what  is  apparently  the  same  chemical  reaction  taking  place 
under  different  conditions,  and  giving  rise  to  very  different  amounts 
of  heat.  Take,  for  example,  the  solution  of  zinc  in  sulphuric  acid. 
When  a  given  weight  of  zinc  is  dissolved  in  sulphuric  acid  of  a  cer- 
tain concentration,  a  definite  amount  of  heat  is  liberated.  If  the 
zinc  is  connected  with  some  other  element  so  as  to  form  a  battery, 
and  then  allowed  to  dissolve  in  sulphuric  acid  of  the  same  concen- 
tration, a  very  different  amount  of  heat  will  be  liberated.  The 
change  in  intrinsic  energy,  dE,  is  the  same,  but  in  the  second  case  a 
part  has  been  converted  into  electrical  energy,  and,  therefore,  the 
amount  which  remains  to  be  converted  into  heat  is  less. 

If  we  represent  the  second  condition  in  terms  of  the  general  en- 
ergy equation,  we  must  introduce  another  term  for  the  electrical 
energy  into  which  a  part  of  the  intrinsic  energy  has  been  transformed. 
Let  US  call  this  dE^.     We  should  then  have  — 

dE  =  de-^dE.  H-dTT. 

The  difference  between  the  intrinsic  energy  of  two  systems  is  equal  to 
the  heat  liberated,  plus  the  electrical  energy,  plus  the  work  done. 

Importance  of  Thermochemical  Measurements.  —  The  importance 
of  thermochemical  measurements  will  appear  at  once  from  what  has 
preceded.  We  have  no  means  of  measuring  directly  the  intrinsic  en- 
ergy contained  in  a  substance.  The  best  we  can  do  is  to  measure  the 
difference  in  intrinsic  energy  between  a  system  and  another  system  into 
which  this  can  be  transformed.  The  best  method  of  measuring  this 
difference  is  to  transform  the  one  system  into  the  other  by  chemical 
means,  when  the  excess  of  the  intrinsic  energy  in  the  one  over  that  in 
the  other  will  be  transformed  into  heat ;  and  if  there  is  a  change  in 
volume,  also  into  work.  By  measuring  the  amount  of  heat  set  free, 
and  the  external  work  done,  we  know  at  once  the  difference  between 
the  intrinsic  energies  of  the  two  systems.  Unless  there  is  a  gas  formed 
or  used  up  in  the  reaction,  the  external  work  done  is  very  small,  and 
can  usually  be  neglected.  The  heat  liberated  is,  then,  a  measure  of 
the  difference  between  the  intrinsic  energies  of  the  substances  which 
react,  and  the  intrinsic  energy  of  the  products  of  the  reaction.  Thus, 
the  heat  liberated  is  a  measure  of  the  difference  between  the  intrinsic 
energy  of  hydrogen  plus  that  of  chlorine,  and  the  intrinsic  energy  of 
the  hydrochloric  acid  formed. 

Thermochemical  measurements,  then,  are  our  best  means,  and  in 
many  cases  our  only  means,  of  determining  the  difference  between 
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the  intrinsic  energies  of  two  systems,  one  of  which  can  be  transformed 
into  the  other.  This  alone  should  suffice  to  show  the  importance  of 
Buch  work. 

The  "  Heat  Tone  "  of  a  Beaotion.  —  The  term  "  heat  tone  "  of  a 
reaction  ia  so  frequently  used  that  it  should  be  clearly  explained  in 
this  connection.  The  heat  tone  of  a  reaction  is  the  sum  of  the  heat 
developed  in  the  reaction  and  the  external  work  expressed  as  heat 
which  is  done.  Since  we  have  reactions  which  evolve  heat  aud  are 
termed  exothermic,  and  also  reactions  in  which  heat  is  absorbed  and 
are  termed  endothermic,  the  heat  tone  may  be  positive  or  negative. 
The  work  done  may  he  positive  as  when  a  gas  is  formed,  or  it  may 
be  negative  as  when  a  gas  is  used  up ;  so  that  both  of  the  factors  of 
heat  tone  may  be  positive,  or  both  may  be  negative,  or  one  positive 
and  the  other  negative.  Since  the  heat  evolved  is  so  large  with 
respect  to  the  work  done,  the  sign  of  this  factor  essentially  condi- 
tions the  sign  of  the  heat  tone. 


TIIERMOCHEMICAL   METHODS 

The  problem  in  thermocheniical  measurements  is  to  determine 
the  amount  of  heat  which  is  liberated  in  chemical  reactions.  In 
order  to  do  this  the  heat  which  is  set  free  is  allowed  to  warm  a 
known  quantity  of  some  liquid  whose  specific  heat  ia  known.  The 
rise  in  temperature  is  then  measured  by  means  of  an  accurate  ther- 
mometer. The  liquid  which  is  best  adapted  to  such  work  is  water, 
and  the  water  calorimeter  is  almost  exclusively  used  at  present. 

The  Water  Calorimeter.  —  In  all  forms  of  the  water  calorimeter 
the  heat  which  is  liberated  in  the  reaction  is  taken  up  by  a  known 
quantity  of  water.  The  reaction  must,  therefore,  take  place  in  some 
vessel  surrounded  by  the  water  of  the  calorimeter.  A  platinum 
vessel  is  usually  employed,  holding  from  one-half  to  one  litre.  This 
is  surrounded  by  a  known  quantity  of  water,  which  is  placed  in  an 
outer  vessel  of  silver  or  some  other  metal.  This  outer  vessel  is  then 
surrounded  by  poorly  conducting  material  so  as  to  diminish  the  loss 
of  heat  by  radiation.  The  substances  which  are  to  react  either  in 
the  pure  state  or  in  solution  are  brought  to  the  same  temperature 
and  then  introduced  into  the  innermost  vessel.  The  temperature  of 
the  water  is  determined  before  and  after  the  reaction,  and  from  the 
rise  in  tem))erature,  tlie  quantity  of  water  present,  and  its  specific 
heat,  the  amount  of  heat  liberated  in  the  reaction  is  determined  at 
once.  A  great  many  forms  have  been  given  to  the  water  calorimeter 
*  T  BDeeial  purposes.    The  most  important  of  the  early  forms,  a* 
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has  already  been  stated,  waa  that  devised  by  Favre  and  Silbermann.' 
For  a  number  of  modifications  consult  the  works  of  Berthelot^  and 
Thomsen.^  One  form  will  be  described  in  some  detail  below,  just  to 
give  a  clear  idea  of  the  instrument  as  used  in  practice. 

The  form  chosen  is  one  which  was  designed  and  used  by  Ber- 
thelot  *  especially  for  reactions  in  solution,  such  as  the  neutralization 
of  acids  and  bases.  (The  apparatus  is  shown  in  Fig.  34.)  The 
platinum  vessel  A,  holding  about  600  c  c    is  surrounded  by  a  vessel 


of  thin  copper,  which,  in  turn,  is  closely  surrounded  by  a  silver 
vessel  J5.  The  whole  is  introduced  into  a  double*walIed  vessel  of 
sheet  iron  C  containing  water  between  the  walls.  This  water  is 
agitated  by  means  of  the  stirrer  D,  and  its  temperature  read  on  the 

'  Ann.  Chim.  Phyi.  pi],  34,  SfiT  (1852)  ;  [3]  Se,  1  (1B52). 

*  Emiai  tU  Mec,iinique  Chimiqur.. 

■  Thermoeh'iHii'rhn  Vnterauchvngm. 

*  Etsai  lie  Micanlqae  Chimique,  I,  p.  140. 
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thermometer  E.  The  whole  apparatus  is  then  surrounded  by  some 
non-conducting  material,  such  as  felt,  and  is  kept  in  a  room  as  nearly 
as  possible  at  constant  temperature. 

If  the  liquids  are  such  as  would  react  on  platinum,  the  inner- 
most vessel  should  be  made  of  very  hard  glass. 

The  liquid  in  the  calorimeter  proper  (J.)  ia  stirred  thoroughly 
by  meaus  of  a  platinum  or  glass  stirrer,  which  is  moved  backward 
and  forward  in  the  liquid. 

The  thermometers  employed  must,  of  course,  be  very  carefully 
calibrated  and  staudardisied  against  some  standard  instrument. 

The  Ezploiioii  Bomb.  —  lu  order  that  a  rea(^tion  can  be  studied 
therm  ocbemicaily,  it  must  fulfil  the  following  conditions  :  First,  it 
must  take  place  at  ordinary  temperatures ;  second,  it  must  proceed 
rapidly  to  the  end.  A  large  number  of  reactions,  which,  under 
ordinary  circumstances,  do  not  fulfil  the  above  conditions,  can  be 
made  to  fulfil  them.  Thus,  many  processes  of  combustion  do  not 
take  place  at  ordinary  temperatures  at  all  in  the  air,  and  even  at 
elevated  temperatures  require  considerable  time  for  their  completion. 
Many  such  reactions  can,  however,  be  made  to  proceed  rapidly  to 
the  end  in  a  very  brief  period  of  time,  if  they  take  pla^e  in  the 
presence  of  oxygen  under  increased  pressure.  For  this  purpose,  an 
apparatus  has  been  devised  in  which  combustions  can  readily  be 
effected  at  ordinary  temperatures. 

The  combustion  or  explosion  bomb,  as  it  is  termed,  while  bearing 
certain  relations  to  a  form  of  apparatus  early  devised  by  Andrews,' 
we  really  owe  to  Berthelot.' 

The  form  of  bomb  which  is  used  at  present  is  seen  in  the  accom- 
panying figure  (Fig.  35). 

This  is  the  form  with  which  so  much  good  work  has  been  done 
by  Stohmann*  and  his  assistants  in  Leipzig;  Stohmaun  himself 
having  worked  with  Berthelot  in  Paris. 

The  walls  of  the  bomb  are  o£  steel,  and  are  sufficiently  thick  to 
withstand  very  great  pressure.  The  bomb  was  lined  on  the  inside 
with  platinum.  But  since  this  required  more  than  a  thousand  grama 
of  platinum,  it  is  obvious  that  some  cheaper  material  would  be  very 
desirable.  The  lining  used  by  Stohmann  is  enamel,  which  is  not 
acted  upon  by  many  chemical  substances.  Upon  the  vessel  b,  is 
placed  a  weighed  amount  of  the  substance  whose  heat  of  combus- 
tion is  to  be  determined.     An  iron  wire  of  known  length  rests  upon 


Fogg.  Ann.  78,  27  (1848). 
Ann.  Chim.  Fhya.  [6],  23,  1 
Joum.  prakt.  Chem.  39,  60! 


)  (1881)  ;  [6].  10,  433  (1BS7). 
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the  substance,  and  through  this  wire  an  electric  current  can  be 

passed.    The  iron  burns  readily  in  the  oxygen  when  once  heated 

by   the  current,  and 

ignites  the  substance. 

The    bomb   is    filled 

with  oxygen  under  a 

pressure  of  about  26 

atmospheres,  from   a 

cylinder      cont^ning 

oxygen  under  a  higher 

pressure,     and     then 

closed      by      tightly 

screwing    down    the 

top.    The  whole  bomb 

is  then  immersed  in 

the  w  ater  of  a  suitably 

arranged  calorimeter 

The  current  is  passed 

through      the      w  ire, 

which  bums   in   the 

oxygen    and    ignites 

the    substance ,     and 

the  combustion  of  the 

tablet  of  the  substance 

is  quickly  completed 

The  heat  libeiated  is 

measured  in  the  water 

calorimeter     in     the 

usual  manner 

A  large  number  of 
corrections  have  to 
be  introduced  into  all 
such  measurements 
Thus,  the  heat  which 
is  liberated  nlien  the 
iron  wire  burns,  must 
be  taken  into  account 
Further,  the  bomb  is 
iilled  with  air  at  the 
outset,  and  the  nitro- 
gen of  this  air  is  oxidized  to  nitric  acid.  This  reaction  liberates 
heat,  and  the  amount  must  be  ascertained  and  the  correction  applied, 


Fra.  3B. 
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In  addition,  there  are  all  the  ordinary  corrections  of  calorimetoy, 
and  many  further  details  which  mnst  be  learned  by  practice  with 
the  apparatus. 

By  means  of  this  apparatus  the  heats  of  combustion  of  a  large 
number  of  substances  have  been  studied,  and  our  therm ochemieal 
knowledge  greatly  extended  in  the  field  of  organic  chemistry, 


let^      ! 


THERMOCHEMICAL  UNITS  AND  SYMBOLS 


TTtdtB  nsed  in  Thennochemiatry.  —  The  unit  of  heat  in  thei 
chemical  measurements  is  the  calorie.  The  calorie  baa  been  defined 
as  the  quantity  of  heat  required  to  raise  one  centimetre  of  water 
one  degree  in  temperature.  This  deiiuition  would  be  exa<:t  if  it  had 
not  been  shown  that  the  specific  heat  of  water  varies  witli  the  tem- 
perature. The  work  of  Rowland  and  others  has  made  it  certain 
that  the  amount  of  heat  required  to  raise  the  temperature  of  1  c.c. 
of  water  from  0°  to  1°,  is  not  the  same  as  the  amount  necessary  to 
raise  the  temperature  of  the  same  quantity  of  water  from  20°  to  21°, 
or  from  50°  to  51°,  In  our  definition  of  calorie  we  roust,  therefore, 
specify  the  temperature;  and  the  temperature  usually  chosen  is  the 
ordinary  temperature,  16°  to  18°.  The  difference  of  a  degree  is  not 
a  matter  of  any  very  great  importance,  since  the  specific  heat  of 
water  changes  very  slightly  over  this  range  in  temperature. 

It  has  also  been  siiggeated  that  we  define  a  calorie  as  -^  of  the 
amount  of  heat  required  to  raise  1  c.c.  of  water  from  0°  to  100°, 
and  the  suggestion  is  undoubtedly  valuable. 

The  calorie  most  frequently  used  in  therm  ochemieal  measure- 
ments refers  to  18°,  and  it  is  in  terms  of  this  uuit  that  thermochemi- 
cal  results  are  usually  expressed.     It  is  written  "  cal." 

Oatwald  has  suggested  a  larger  unit  which  ia  one  hundred  times 
the  smaller,  and  is  written  K.     K  =  lOO  cal. 

There  ia  also  a  still  larger  unit  which  is  frequently  used,  and 
which  is  one  thousand  times  the  smallest  unit.  It  is  written  "Cal." 
We  have,  then,  the  following  relations  between  the  three  trnits ;  — 

K  =  100  eals. ; 
Cal  =  10  K  =  1000  cals. 

Thermoohemioal  BsrmbolE. — The  methods  of  expressing  the  i 

suits  of  thermocbemical  measurements  are  simple.  The  symbols  of 
the  substances  which  react  mean  gram-atomic  weights  of  the  sub- 
stances.     Thus  — 

H,  +  0  =  H,0  +  68,.'i60  cals. 
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means  that  when  2  g.  of  hydrogen  unite  with  16  g.  of  oxygen,  form- 
ing 18  g.  of  water  at  ordinary  temperatures,  there  are  68,360  cal- 
ories of  heat  liberated.     These  same  facts  are  sometimes  expressed 

thus :  — 

[Hjj,  0]  =  68,360  +. 

The  plus  sign  means  that  heat  is  liberated  or  that  the  reaction  is 
exothermic.  A  minus  sign  would  mean  that  the  reaction  is  endo- 
thermic,  or  that  heat  is  absorbed. 

If  we  interpret  this  in  terms  of  our  energy  conceptions,  it  means 
that  the  intrinsic  energy  of  2  g.  of  hydrogen,  plus  the  intrinsic  energy 
of  16  g.  of  oxygen,  exceed  the  intrinsic  energy  of  18  g.  of  water  by 
68,360  calories. 

The  same  principle  holds  when  compounds  react.     Thus  — 

NHa  +  HCl  =  NH4CI  H-  41,900  cals. 

means  that  when  36.45  g.  of  hydrochloric  acid  combine  with  17.07  g. 

of  ammonia,  41,900  calories  of  heat  are  liberated.     This  is  also 

written :  — 

[NHs,  HCl]  =  41.900. 

If  we  wish  to  represent  that  the  reaction  takes  place  in  solution, 
the  presence  of  the  large  quantity  of  water  is  represented  by  the  sym- 
bol aq.     Thus  — 

KOH  aq  -h  HCl  aq  =  KCl  aq  -h  13,700  cals. 

means  that  when  a  gram-molecular  weight  of  caustic  potash  in  solu- 
tion in  water  reacts  with  a  gram-molecular  weight  of  hydrochloric 
acid  in  aqueous  solution,  there  is  formed  a  gram-molecular  weight  of 
potassium  chloride  in  aqueous  solution,  and  13,700  calories  of  heat 
are  liberated. 

If  we  wish  to  represent  the  heat  set  free  when  a  substance  dis- 
solves in  water,  the  symbol  aq  is  written  after  the  formula  of  the 
substance :  HCl,  aq  =  17,320  means  that  17.320  calories  of  heat  are 
liberated  when  a  gram-molecular  weight  of  hydrochloric  acid  gas  is 
dissolved  in  water. 

If  we  wish  to  represent  both  chemical  action  and  solution,  we 
write  as  follows :  — 

H  -h  CI  -h  aq  =  HCl  +  aq  -h  39.300  cals. 

And  this  means  that  when  1  g.  of  hydrogen  combines  with  35.4  g. 
of  chlorine  in  the  presence  of  water  which  absorbs  the  hydrochloric 
acid  formed,  the  heat  set  free  due  to  combination  and  solution  is 
39,300  calories. 
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=  water-vapor ; 
=  liquid  water; 


If  a  compound  is  broken  down  into  its  constituents,  this  fact  is 
espressed  by  placing  the  minus  sign  before  the  formula  of  the  sub- 
stance :  — 

-  HCl  =  -  22,000  cala. 

And  this  means  that  when  a  grani-molecular  weight  of  hydrochloric 
acid  is  decomposed  into  hydrogen  and  chlorine,  22,000  calories  of 
heat  are  absorbed. 

If  we  wish  to  represent  the  state  of  aggregation  of  the  substances 
which  react  and  the  products  formed,  this  can  be  done  as  follows: 
The  gaseous  condition  is  represented  by  italics,  the  liquid  by  ordi- 
nary type,  and  the  solid  by  extra  heavy  type. 

H,0  = 
H,0  = 
H,0  = 
B^O^  -  H,0|«p  =  9670  cals. 

This  means  that  when  a  graro-molecular  weight  of  water-vapor  at 
100°  is  condensed  to  water  at  100°,  so  many  calorics  of  heat  are  set 
free.     The  application  to  other  cases  is  self-evident. 

SOME  RESULTS  WITH  THE   ELEMENTS 

It  would  be  impossible  within  the  scope  of  this  work  to  give  an 
account  of  any  considerable  proportion  of  the  thermoeliemical  results 
which  have  been  obtained.  A  few  of  the  more  interesting  results 
with  certain  elements  and  compounds  will,  however,  be  very  briefly 
referred  to.  We  shall  take  up  first  some  rather  striking  results 
which  were  secured  with  certain  elements. 

Oxygen.  —  Oxygen  is  known  to  exist  in  two  modifications,  —  ordi- 
nary oxygen  and  ozone.  The  difference  between  these  two  is  usually 
referred  to  the  number  of  atoms  contained  in  the  molecule, — oxygen 
containing  two  atoms,  ozone  three. 

The  chemical  properties  of  these  two  forms  of  oxygen  are  very 
different,  ozone  being  the  more  active  ohemically.  This  would  lead 
us  to  suspect  that  the  molecule  of  ozone  contains  more  energy  than 
the  molecule  of  oxygen.  This  has  been  tested  by  thermochemical 
methods.  IloUmann  burned  the  same  substance  in  oxygen  and  in 
ozone.  The  end  products  were  the  same  in  both  cases.  Therefore, 
any  difference  in  the  amounts  of  heat  liberated  must  have  been  the 
thermal  equivalent  of  the  excess  of  intrinsic  energy  in  the  one  form  of 
oxygen  over  that  in  the  other.    He  found  that  more  heat  was  liber- 
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ated  when  the  substance  was  burned  in  ozone,  and  concluded  that 
the  difference  in  intrinsic  energy  of  the  two  modifications  of  oxygen 
was  to  be  expressed  by  the  following  equation :  — 

20»  =  30^  + 2  X  17,100  cals. 

More  recent  determinations  have  shown  larger  differences  between 
the  intrinsic  energies  of  the  two  modifications  of  oxygen.  Thus,  Ber- 
thelot  ^  oxidized  arsenious  to  arsenic  acid,  on  the  one  hand  by  oxygen, 
on  the  other  by  ozone,  and  concluded  from  the  results  that — 

20«  =  30*  -h  2  X  29,600  cals. 

The  still  more  recent  work  of  Van  der  Meulen,  in  which  ozone 
was  decomposed  by  platinum  black,  gave  the  result  — 

20«  =  30*  -h  2  X  36,200  cals. 

These  results  show  conclusively  that  a  difference  exists  between 
the  intrinsic  energy  of  the  molecule  of  oxygen  and  that  of  ozone,  and 
that  the  molecule  of  ozone  contains  the  greater  amount  of  energy. 
The  differences  in  the  chemical  properties  of  these  two  modifications 
of  oxygen  is,  undoubtedly,  very  closely  associated  with  this  differ- 
ence in  the  amounts  of  energy  stored  up  in  their  molecules.  We 
shall  see  that  similar  relations  exist  with  other  elements  which  occur 
in  more  than  one  modification. 

Sulphur.  —  Sulphur  exists  in  two  crystalline  modifications.  The 
more  common  form  is  orthorhombic,  and  is  obtained  when  ordinary 
amorphous  sulphur  is  dissolved  in  carbon  bisulphide  and  the  solu- 
tion evaporated.  When,  on  the  other  hand,  ordinary  sulphur  is 
melted  and  allowed  to  cool  rapidly,  we  obtain  monoclinic  crystals. 
The  monoclinic  form  is  much  less  stable  than  the  orthorhombic  at 
ordinary  temperatures,  and  readily  passes  over  into  the  latter.  It, 
therefore,  seems  to  be  the  analogue  of  ozone,  and  orthorhombic 
sulphur  of  ordinary  oxygen,  since  ozone  readily  passes  over  into 
ordinary  oxygen.  We  should,  then,  expect  that  the  molecule  of 
monoclinic  sulphur  would  contain  more  intrinsic  energy  than  that  of 
orthorhombic  sulphur.  This  was  tested  by  Favre  and  Silbermann.* 
When  orthorhombic  sulphur  was  burned,  71,000  calories  of  heat  were 
liberated.  When  monoclinic  sulphur  was  burned,  73,300  calories 
were  set  free.  The  difference,  2300  calories,  is  the  thermal  equiva- 
lent of  the  difference  in  the  intrinsic  energy  of  the  two  modifications. 

1  Ann.  Chim.  Phys.  [5],  10,  162  (1876). 
«  Ibid.  [3],  84,  443  (1862). 
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Carbon.  —  Carbgn  exists  in  a  number  of  modifications,  —  ordinary  ' 
amorphous  carbon,  graphite,  diamond,  etc.  The  same  question 
arises  here  aa  has  already  been  considered  in  the  cases  of  oxygen 
and  sulphur:  is  there  a  different  amount  of  energy  contained  in  the 
molecules  of  these  different  forms  of  carbon?  This  has  been 
answered  by  Favre  and  Silbermann,'  who  determined  the  heats  of  ] 
combustion  of  the  different  modifications  of  carbon,  and  found  y 

For  charcoal 96.980  cala.! 

For  reton  carbon 90,530  cal&  | 

For  graphite 93,360  a 

For  diamond 1  93.240  caU.  I 

IH^SOcala.  > 

Of  the  different  modifications  of  carbon,  charcoal  contains  the  great- 
est amount  of  energy,  and  the  crystallized  modifications,  graphite 
and  diamond,  the  least.  The  same  general  results  obtained  with 
other  elements  appear  here  in  the  case  of  carbon. 

Ftaoiphonu.  —  A  fourth  non-metallic  element  which  exists  in 
more  than  one  form  is  phosphorus  —  yellow  or  ordinary  phosphorus 
and  the  red  modification.  These  contain  different  amounts  of  energy 
in  their  molecules,  as  is  shown  by  the  different  amounts  of  heat  set 
free  when  they  are  burned  to  the  same  end  product.  When  yellow 
phosphorus  is  transformed  into  red  there  are  about  27,300  calories  uf 
heat  liberated.  This  is  approximately  the  thermal  equivalent  of  the 
difference  between  the  intrinsic  energies  of  the  two  modifications. 

Much  work  has  been  done  on  the  thermochemistry  of  other  inor- 
ganic elements,  and  also  an  enormous  amount  on  the  thermal  rela- 
tions of  the  metallic  elements ;  but  for  the  results  obtained,  reference 
must  be  had  to  some  of  the  larger  works,'  which  deal  more  in  detail 
with  thermochemical  results. 


NEUTRALIZATION  OF   ACIDS  AND  BASES 

Heat  of  Hentralisation.  — When  solutions  of  acids  and  bases  are 
brought  together,  heat  is  liberated.  Quantitative  measurements  of 
the  amounts  of  heat  set  free,  brought  out  a  simple  and  very  impor- 
tant relation.  This  can  best  be  seen  from  the  following  results  for 
strong  acids  and  bases.  Gram-molecular  weights  of  different  acids 
were  brought  together  with  a  gram -molecular  weight  of  a  given  base, 
both  the  acid  and  base  being  present  in  very  dilute  solution.     The 

»  Ann.  Chim.  Phya.  [3],  M,  40B  (1852). 

■'Mwftid:  Lehrb.  d.  Allg.  Chrm.  11.     ThomBen  ;   Thfrmochemiiekt  UnUr- 
Bcnhelot !  Eii»ai  de  Micanlque  Chimiqiie- 
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amounts  of  heat  set  free  by  a  number  of  acids  when  neutralized  with 
the  base  sodium  hydroxide,  were :  — 

Heat  or  Nbutbalization 
Hydrochloric  acid  and  sodium  hydroxide    ....    13,700  cals. 
Hydrobromic  acid  and  sodium  hydroxide    ....    13,700  cals. 
Nitric  acid  and  sodium  hydroxide 
Hydriodic  acid  and  sodium  hydroxide 
Chloric  acid  and  sodium  hydroxide 
Bromic  acid  and  sodium  hydroxide 
Iodic  acid  and  sodium  hydroxide  . 


13,700  cals. 
13,800  cals. 
13,760  cals. 
13,780  cals. 
13,810  cals. 


The  remarkable  fact  comes  out  that  the  heat  of  neutralization  of 
these  strong  acids  with  a  given  base,  sodium  hydroxide,  is  a  constant. 
This  suggests  a  further  question  very  closely  correlated  to  the 
above.  Suppose  we  neutralize  a  given  acid  with  a  number  of  bases, 
will  the  heat  liberated  be  a  constant,  and  if  so,  will  this  bear  any 
close  relation  to  the  above  constant  where  the  base  was  the  same  and 
the  acid  changed  ?  This  can  be  answered  by  the  following  results, 
in  which  hydrochloric  acid  was  neutralized  by  a  number  of  bases :  — 


Hydrochloric  acid  and  lithium  hydroxide  . 
Hydrochloric  acid  and  potassium  hydroxide 
Hydrochloric  acid  and  barium  hydroxide  . 
Hydrochloric  acid  and  calcium  hydroxide  . 


Heat  op  Neutralization 
.     13,700  cals. 
.    13,700  cals. 
.    13,800  cals. 
.    13,900  cals. 


The  heat  of  neutralization  of  a  given  acid  with  a  number  of  bases  is 
also  a  constant,  provided  the  acid  and  bases  are  present  in  very 
dilute  solution.  But  what  is  even  more  surprising,  the  constant  in 
this  case  has  the  same  value  as  in  the  preceding  case  where  the 
base  was  unchanged,  and  the  nature  of  the  acid  varied. 

These  facts  when  they  were  first  discovered  were  very  perplexing. 
Indeed,  no  satisfactory  explanation  of  them  could  be  furnished,  and 
it  was  not  until  the  theory  of  electrolytic  dissociation  was  proposed 
that  we  could  account  for  them  at  all. 

Explanation  of  the  Constant  Heat  of  Neutralization  of  Strong  Acids 
and  Strong  Bases. — It  is  one  of  the  crowning  glories  of  the  theory 
of  electrolytic  dissociation,  that  it  not  only  explains  all  of  the  facts 
in  connection  with  the  neutralization  of  strong  acids  and  bases  in 
dilute  aqueous  solution ;  but  these  facts  are  a  necessary  consequence 
of  the  theory. 

Take,  as  an  example,  hydrochloric  acid  and  sodium  hydroxide. 
In  a  very  dilute  aqueous  solution  of  hydrochloric  acid  all  the  mole- 
cules are  dissociated  into  hydrogen  and  chlorine  ions  thus:  — 


HCl  =  H  +  CI. 
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Similarly,  in  dilute  aqueous  solution,  the  molecules  of  sodium  hydrox- 
ide are  completely  brokea  down  into  ions :  — 

NaOH  =  Na-f  OH. 

When  the  dilute  aqueous  solutions  of  the  base  and  acid  are  broi^ht 
together,  the  following  reaction  takes  plaee: — 

Na+OH  +  H  +  ci  =  Na  +  CI  +  H,0. 

The  cation  of  the  base-sodium,  and  the  anion  of  the  acid-chlorine, 
remain  in  solution  as  ions  iifter  the  process  of  neutralization  in 
exactly  the  same  condition  as  before  neutralization  took  place.  The 
anion  of  the  base-hydroxyl  and  the  cation  of  the  acid-hydrogen 
combine  and  form  a  molecule  of  water. 

It  may  be  urged  that  the  sodium  and  chlorine  ions  combine,  since 
sodium  chloride  ia  formed  as  the  result  of  the  neutralization.  The 
salt  ia  formed  if  the  solution  is  evaporated;  i.e.  if  the  solution  is 
concentrated.  But  it  can  be  shown  by  several  separate  and  inde- 
pendent methods,  that  a  dilute  solution  of  sodium  chloride  contaloa 
only  ions  and  no  molecules.  The  sodium  and  chlorine,  then,  remain 
as  ions. 

The  hydrogen  and  hydroxyl  combine  and  form  a  molecule  of 
water.  This  is  proved  by  the  fact  that  water  is  always  formed 
as  the  result  of  the  process  of  neutralization;  and  further,  it  has 
been  shown  by  a  half-dozen  different  methods'  that  hydrogen  and 
hydroxyl  ions  cannot  remain  in  the  presence  of  one  another  uncom- 
bined  to  any  appi'eciable  extent.  This  is  the  same  as  to  say  that 
water  is  practically  undissociated. 

Since  hydroxyl  is  the  anion  of  every  base,  and  hydrogen  the 
cation  of  every  acid,  the  process  of  neutralization  of  any  strong  acid 
with  any  strong  base  in  dilute  solution,  consists  in  the  anion  of  the 
hydroxyl  ion  of  the  base  with  tlie  hydrogen  ion  of  the  acid,  forming 
a  molecule  of  water. 

The  process  of  neutralization  of  any  acid  by  any  base  is.  there- 
fore, exactly  the  same  aa  the  process  of  neutralization  of  any  other 
acid  by  any  other  base.  The  total  heat  that  is  liberated  when  a  gram- 
equivalent  of  a  completely  dissociated  acid  acts  on  a  gramn^quivalent 
of  a  completely  dissociated  base,  is  the  heat  set  free  by  the  union  of  a 


lOslwftlrt:  Zim-hr.  phs».  Chem.  11,  521  (1888).  WiJB:  Jbid.  11,  492;  U, 
GM  (181W).  Arrheriius:  ll.id.  11.  827  (ISftt).  BrediR:  Ibid.  11.  83ft  (1893). 
2lunat:;bfii.  14, 1&6(18D4).    KoblraUBchandUeydweyieri/bid.  14,31T(1BM). 
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gram-equivalent  of  hydroxyl  ions  with  a  gram-equivalent  of  hydrogen, 
ions.     Thus:  — 

H  aq  -f  OH  aq  =  13,700  cals. 

Since  all  processes  of  neutralization  of  completely  dissociated  acids  and 
bases  are  the  same,  the  heat  of  neutralization  of  all  such  acids  and  bases 
must  be  a  constant,  and  must  be  the  heai  of  combination  of  a  gramr 
equivalent  of  hydroxyl  and  hydrogen  ions. 

Neutralization  of  Weak  Acids  and  Bases.  —  If  either  the  acid  or 
base  is  what  we  term  weak,  the  heat  of  neutralization  is  not  13,700 
calories,  but  differs  from  this  value.  Thus,  take  the  following  exam- 
ples :  — 

Heat  of  Neutralization 
Formic  acid  and  sodium  hydroxide         .        .        .        .        13,400  cals. 


Acetic  acid  and  sodium  hydroxide  . 
Dichloracetic  acid  and  sodium  hydroxide 
Valeric  acid  and  sodium  hydroxide 
Phosphoric  acid  and  sodium  hydroxide  . 


13,a00  cals. 
14,830  cals. 
14,000  cals. 
14,830  cals. 


In  these  cases  the  acids  are  weak  and  the  base  is  strong;  neverthe- 
less, there  are  considerable  differences  between  the  heats  of  neutral- 
ization and  the  constant  13,700  calories. 

Similar  results  were  obtained  when  weak  bases  were  neutralized 
with  a  strong  acid.  If,  however,  both  acid  and  base  are  weak,  the 
heat  of  neutralization  differs  still  more  from  the  constant  13,700 
calories.     A  few  examples  of  this  condition  are  given  below: — 

Heat  op  Neutralization 
Formic  acid  and  ammonium  hydroxide    .        .        .        .        11,900  cals. 
Acetic  acid  and  ammonium  hydroxide     ....        11,900  cals. 
Valeric  acid  and  ammonium  hydroxide    ....        12,700  cals. 

When  the  weak  base  ammonia  is  neutralized  by  the  weak  organic 
acids,  the  heat  of  neutralization  differs  very  widely  from  the  con- 
stant i;^,700. 

Explanation  of  the  Eesnlts  with  Weak  Acids  and  Bases.  —  If  the 
acid  or  base  is  weak,  we  shall  learn  that  it  is  only  little  dissociated 
by  water,  even  in  dilute  solutions.  When  only  a  part  of  the  acid  or 
base  is  dissociated,  the  process  of  neutralization  could  proceed  only 
until  all  the  dissociated  substance  had  reacted  ;  were  it  not  for  the 
fact  that  as  soon  as  the  ions  already  present  begin  to  react,  more 
ions  would  be  formed  from  the  undissociated  molecules,  or,  in  a  word, 
the  process  of  dissociation  would  continue  as  the  reaction  continued 
until  all  the  molecules  had  dissociated. 

When   molecules  dissociate  into  ions,  heat  is  either  evolved  or 
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conaumed.  The  thenna]  change  whicli  accompanies  the  diasoeisr 
tion  o£  the  undissociated  molecules,  either  increases  or  diminishes 
the  amount  of  heat  set  free  due  to  neutralization  alone.  It  the  heat 
of  dissociation  is  positive,  it  adds  itself  to  the  heat  of  neutralization ; 
if  negative,  it  diminishes  the  heat  of  neutralization.  Thus,  the 
heat  which  is  liberated  when  a  weak  acid  acts  on  a  weak  base,  may 
be  either  greater  or  less  than  the  constant  13,700  calories  —  greater 
when  the  heat  of  dissociation  is  positive,  less  when  it  is  negative. 
It  could  be  equal  to  the  constant  only  when  the  heat  of  dissociation 
is  zero. 

The  facts,  then,  agree  with  the  theory,  not  only  when  the  acid 
and  base  are  completely  dissociated,  but  when  the  dissociation  is  not 
complete.  We  could  predict  from  the  theory  of  electrolytic  disso- 
ciation that  the  heats  of  neutralization  of  weak  acids  and  basea 
would  not  be  a  constant,  with  the  same  certainty  that  we  could  pre- 
dict the  constant  value  of  the  heats  of  neutralization  of  completely 
dissociated  acids  and  bases.  The  apparent  exceptions  presented  by 
the  weak  acids  and  bases  furnish  aa  strong  confirmation  of  the 
theory  as  the  cases  which  conform  to  nde. 

Explanation  of  the  Law  of  the  Thermoneatrality  of  SolntionB  of 
Salts, — The  theory  of  electrolytic  iiin.'sociatinii  furnishes  us  with 
the  first  rational  explanation  of  the  law  of  the  thermoneutrality  of 
salt  solutions.  This  law,  which  it  will  be  remembered  was  discov- 
ered by  Hess,  states  that  when  dilute  solutions  of  salts  are  mixed 
there  is  little  or  no  change  in  the  heat  tone.  This  is  a  necessary 
consequence  of  our  theory.  Take  two  salts,  sodium  chloride  and 
potassium  bromide.  In  dilute  aqueous  solutions  these  exist  entirely 
as  ions:—  ^         _ 

KaCI=:Na-|-Cl;  ^M 

EBr  =K    H-BI-.  ^I 

When  the  solutions  of  these  salts  are  mixed,  all  of  the  parts 
remain  in  solution  aa  ions.  There  is  no  chemical  action  whatso- 
ever, every  constituent  remaining  in  the  same  condition  after  as 
before  mixing.  There  is,  then,  absolutely  no  reason  to  expect  any 
thermal  change,  nnd  none  results. 

We  can  now  begin  to  see  the  importance  and  wide-rearhing  sig- 
nificance of  the  theory  of  electrolytic  dissociation.  This  theory 
furnishes  us  with  the  explanation  of  the  eonstiut  heat  of  neutrali- 
zation of  acids  and  basea,  and  of  the  law  of  the  thermoneutrality  of 
salts ;  and  this  is  but  the  beginning.  We  shall  see  as  our  subject 
develops,  that  it  has  thrown  an  entirely  new  light  on  a  great  num- 
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ber  of  chemical,  physical,  and  biological  problems  which,  without 
its  aid,  were  simply  empirically  established  facts,  whose  meaning 
was  entirely  shrouded  in  darkness.  We  shall  see  that  this  theory 
is  fundamental,  if  we  hope  to  raise  chemistry  from  empiricism  to 
the  rank  of  an  exact  science. 

Thermochemical  Method  of  Determining  the  Belative  Strengths  of 
Acids  and  Bases.  —  One  important  application  of  the  heat  of  neutral- 
ization must  be  considered  here.  We  have  seen  that  when  a  very 
dilute  solution  of  any  strong  acid  acts  on  a  very  dilute  solution  of 
any  strong  base,  the  heat  liberated  is  a  constant,  independent  of  the 
nature  of  the  acid  and  the  nature  of  the  base.  This  applies  only  to 
very  dilute  solutions.  If  the  solutions  are  more  concentrated,  the 
heat  liberated  on  neutralizing  an  acid  with  a  base  depends  on  the 
nature  of  the  acid  and  also  on  the  nature  of  the  base.  This  fact 
has  been  utilized  to  determine  the  relative  strength  of  acids  and 
bases,  and  in  the  following  way. 

Given  the  problem  to  determine  the  relative  strengths  of  hydro- 
chloric and  sulphuric  acids.  An  equivalent  of  each  acid  is  neutral- 
ized by  an  equivalent  of  some  base,  say  sodium  hydroxide ;  and  the 
amount  of  heat  set  free  in  each  case,  determined. 

To  one  equivalent  of  hydrochloric  acid  and  one  equivalent  of 
sulphuric  acid,  under  the  same  conditions  as  above,  and  in  the  pres- 
ence of  each  other,  one  equivalent  of  the  base  is  added.  If  all  the 
base  went  to  the  hydrochloric  acid,  the  heat  liberated  would  be  the 
same  as  that  set  free  when  the  base  acted  on  hydrochloric  acid 
alone.  If  all  the  base  went  to  the  sulphuric  acid,  the  heat  liberated 
would  be  equal  to  the  heat  of  neutralization  of  the  sulphuric  acid  by 
the  base,  under  the  same  conditions.  If  the  base  went  part  to  the 
hydrochloric  acid  and  part  to  the  sulphuric,  the  amount  of  heat  set 
free  would  lie  between  the  above  two  values. 

The  latter  condition  is  the  one  which  always  obtains.  The 
amount  of  heat  set  free  falls  between  the  amounts  liberated  with 
each  acid  separately,  and,  consequently,  a  part  of  the  base  goes  to 
each  acid.  Knowing  the  amount  of  heat  liberated  with  each  acid 
separately,  and  tlie  amount  of  heat  set  free  when  the  acids  are 
treated  in  the  presence  of  each  other  with  one-half  enough  base  to 
neutralize  them,  we  know  at  once  the  way  in  which  the  acids  divide 
the  base  between  them ;  and  this  is  the  expression  of  the  relative 
strengths  of  the  acids. 

The  above  line  of  reasoning  is  given  for  the  sake  of  simplicity 
and  clearness.  In  actual  practice  the  mode  of  procedure  is  some- 
what different,  though  the  principle  is  the  same.    One  acid  is  allowed 
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to  act  on  a  salt  of  the  other  acid,  and  the  final  distribution 
base  between  the  two  acids  determined  by  the  amount  ot  heat  set 
free.  This  method  of  solving  the  problem  is  relatively  complex. 
Take  the  action  of  nitric  acid  on,  say,  sodium  aulpliate.  It  is  neces- 
sary to  know  the  heat  liberated  when  nitric  acid  is  neutralized  by 
the  base,  when  sulphuric  acid  is  neutralized  by  the  base,  the  heat 
evolved  when  sulphuric  acid  acts  on  sodium  sulphate,  when  nitric 
acid  acts  on  sodium  nitrate,  and  also  whether  there  is  heat  evolved 
when  the  two  acids  are  brought  together. 

Given  all  of  the  above  data,  it  is  |K)ssible  to  determine,  approxi- 
mately, the  relative  strengths  of  nitric  and  sulphuric  acids.  It  ie, 
however,  obvious  that  this  method  of  determining  the  strengths  of 
acids  Is  very  complicated,  and  further,  when  we  consider  the  rela- 
tively large  errors  in  all  thermochemical  measurements,  the  results 
obtained  in  this  way  could  not  be  more  than  appro  si  roatiuns.  The 
above  method  of  determining  the  relative  strengths  of  acids  is  not 
used  at  all  at  present,  since,  as  we  shall  soon  learn,  we  have  far  more 
accurate  and  very  simple  methods  for  solving  such  problems.  The 
thermochemical  method  lias  been  briefly  considered  here  for  the  sake 
of  completeness,  and  because  it  acquired  considerable  prominence  at 
a  somewhat  earlier  period. 

The  thermochemical  method  of  determining  the  relative  strength 
of  bases  is  exactly  the  same  in  principle  as  that  described  above  for 
acids.  Given  two  bases  wfaose  relative  strengths  are  to  be  deter- 
mined. An  equivalent  of  each  base  is  neutralized  with  a  given  acid, 
and  the  amouut  of  heat  measured.  Then  one  equivalent  of  the  acid 
is  added  to  one  equivalent  of  the  two  bases  in  the  presence  of  each 
other,  and  the  amount  of  heat  determined.  From  the  relations  of 
these  three  quantities  the  division  of  the  acid  Itetweeu  the  two  bases 
is  ascertained.  Here,  ^ain,  in  practice  one  base  is  allowed  to  act 
on  the  salt  of  the  other  base  with  the  acid,  and  the  division  of  the 
acid  between  the  two  bases  determined  by  thermal  methods.  The 
method  here  is  just  as  complex  as  when  applied  to  the  relative 
strengths  of  acids,  and  has  been  entirely  supplanted  by  more  refined 
tuetliuds  for  determining  the  relative  strengths  of  bases. 


SOME    RESULTS  WITH  ORGANIC  COMPOUNDS 

Heat  of  Formation.  —  By  beat  of  formation  of  a  compound  we 

cim  the  amount  of  heat  which  is  set  free  or  absorbed  when  the 

compound  is  formed  by  a  direct  combination  of  the  constituent  ele- 

In  order  that  the  term  "heat  of  formation"  may  have  a 
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quantitative  significance,  we  must  deal  with  definite  amounts  of  sub- 
stances ;  and  in  order  that  the  heats  of  formation  of  different  sub- 
stances may  be  comparable,  we  must  deal  with  comparable  amounts 
of  substances.  We  choose  for  sake  of  convenience  gram-molecular 
weights  of  substances,  and  determine  heats  of  formation  in  terms  of 
these  quantities.  The  heat  of  formation  of  a  compound  is,  then,  the 
amount  of  heat  set  free  or  absorbed  when  a  gram-molecular  weight 
of  the  compound  is  formed  from  its  elements. 

The  heat  of  combination  of  a  compound  may  be  determined  in 
many  cases  directly,  by  allowing  the  elements  to  combine  and  meas- 
uring the  heat  set  free ;  but  in  many  cases  this  is  not  possible.  A 
large  number  of  substances  cannot  be  formed  directly  from  the  ele- 
ments. In  such  cases  an  indirect  method  of  determining  the  heat 
of  formation  must  be  employed.  The  indirect  method  most  com- 
monly used  is  to  burn  the  elements  in  oxygen ;  then  burn  the  com- 
pound in  oxygen,  and  measure  in  each  case  the  amount  of  heat  set 
free.  Since  the  products  of  the  combustion  of  the  elements  are  the 
same  as  the  products  of  the  combustion  of  the  compound  containing 
these  elements,  any  difference  in  the  amounts  of  heat  set  free  in  the 
two  cases  is  the  heat  of  formation  of  the  compound. 

Take  the  case  of  methane.  It  would  be  impossible  to  determine 
directly  the  heat  of  formation  of  methane.  This  can,  however,  be 
determined  very  easily  by  burning  carbon  in  oxygen,  by  burning 
hydrogen  in  oxygen,  and  finally  by  burning  the  methane  in  oxy- 
gen. Any  difference  between  the  heat  of  combustion  of  the  com- 
pound and  the  sum  of  the  heats  of  combustion  of  the  elements  is  the 
heat  of  formation  of  the  compound.  The  following  results  were 
obtained  in  this  case :  — 

Heat  liberated  by  burning  12  g.  C  in  oxygen      ....      96.960  cals. 
Heat  liberated  by  burning  4  g.  H  in  oxygen 136.720  cals. 

Sum  =  2:J3.680  cals. 
Heat  liberated  by  burning  10  g.  methane  in  oxygen     .     .     211.<.)30  cals. 

The  difference  between  the  two  values,  21.750  colories,  is  the  heat 
of  formation  of  methane. 

In  a  manner  exactlv  similar  to  the  above,  the  heats  of  formation 
of  a  large  number  of  compounds  have  been  worked  out.  Indeed, 
there  are  comparatively  few  compounds  formed  directly  from  the 
elements  with  sufficient  ease  to  enable  their  heats  of  formation  to  be 
measured  directly.  The  above  indirect  method  of  measuring  heat 
of  formation  is  therefore  applied  in  a  large  majority  of  cases. 
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Heat  of  Combnstion.  —  By  heat  of  combustion  of  a  compound  % 
meant  the  heat  which  ia  evolved  when  a  compound  is  completely 
burned  in  oiygen.  The  carbon  under  these  conditions  is  completely 
oxidized  to  carbon  dioxide,  the  hydrogen  to  water,  the  nitrogen  to 
nitric  acid,  and  the  sidphur  to  Bulphur  trioxide.  The  heat  of  com- 
bustion of  organic  comjxmnds  is  a  very  important  quantity  to  deter- 
mine, since  it  is  the  only  means,  in  many  cases,  of  determining  the 
heat  of  formation  of  the  substance.  As  we  have  just  seen,  it  is  only 
necessary  to  determine  the  heat  of  combustion  of  the  elements  which 
enter  into  a  compound,  and  the  heat  of  combustion  of  the  compound 
itself,  and  then  to  subtract  the  one  from  the  other,  in  order  to  arrive 
at  the  heat  of  formation  of  the  compound  from  its  elements. 

Indeed,  the  most  important  quantity  by  far  in  the  field  of  organic 
chemistry,  from  the  thermochemical  standpoint,  is  the  beat  of  com- 
bustion. In  order  that  this  should  be  determined,  it  is  necessary 
that  the  combustion  should  proceed  to  the  end  at  once,  and  that  all 
the  constituents  should  be  completely  oxidized.  For  this  purpose 
the  combustion  bomb,  which  has  been  already  described,  was  devised 
and  used.  In  an  atmosphere  of  relatively  concentrated  oxygen,  i.e. 
oxygen  under  high  pressure,  most  organic  compounds  are  completely 
oxidized ;  and  by  means  of  the  explosion  method  the  heats  of  com- 
bustion of  an  enormous  number  of  organic  substances  have  been 
ascertained  by  Berthelot,'  Thorasen,'  Stohmann,  and  Langbein,"  and 
others.  A  few  of  the  more  interesting  of  these  results  are  given 
below. 

Satnrated  or  Methane  Hydrocarbons.  — The  heats  of  combustion 
of  a  number  of  members  of  this  series  have  been  measured  by  Thom- 
sen  and  others.  The  results  for  a  few  hydrocarbons  are  given 
below  :  ~ 


H.o^ 

„.„.. 

H«*T  or  Co»«c«Ti..i. 

DimuxDB 

Methane,  CHi    . 

211,0  Calfl.    > 

Ethftne,  C,H«      . 

370.4  Cals.    / 

158.8  Ca^H 

Propane.  CnHj    . 

629.2  Cals.    <' 

Butane,  C«H|»    . 

987.2  CaU.    / 

l&9.g(^H 

Penlone,  CiH,,  . 

847,1  CaU.    ^ 

■ 

'  Efutt  ih  ]Ofra>i!qiie  Chlmigue.  '  Thermofhmiigche  Unterguehwti 

*  Joum.  prakl.  Chem.  1880-1895. 
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A  constant  difference  in  composition  of  CH2  corresponds  to  very 
nearly  a  constant  difference  in  the  heat  of  combustion.  This  amounts 
to  about  159  calories. 

The  effect  of  constitution  in  this  series  of  hydrocarbons  is  practi- 
cally zero,  —  a  normal  compound  having  the  same  heat  of  combus- 
tion as  an  isocompound  of  the  same  composition. 

The  Unsaturated  (Ethylene  and  Acetylene)  Hydrocarbons. — 
The  results  with  the  unsaturated  hydrocarbons  are  very  similar  to 
those  with  the  saturated. 


Etiiylrnb  Hydrooarbonb 

Hkat  op  Combustion 

DirPERKNCK 

Ethylene,  C2H4 

Propylene,  CgH^ 

Isobutylene,  C4H8 

Amylene,  CsHio 

333.4  Cals.     v 
492.7  Cals.     / 
660.6  Cals.     / 
807.6  Cals.     / 

159.3  Cals. 
157.9  Cals. 
157.0  Cals. 

AORTYLKNK   HtDBOCABBONS 

Hbat  or  Combustion 

DiFFERSKOB 

Acetylene,  C2H2 

AUylene,  C3H4 

310.1  Cals.     V 
407.6  Cals.     ^ 

157.5  Cals. 

The  constant  difference  in  composition  of  CHj  has  a  constant 
influence  on  the  heat  of  combustion,  whether  the  compound  contains 
a  larger  or  smaller  number  of  carbon  atoms. 

A  fact  brought  out  by  the  above  results,  of  more  than  ordinary 
interest,  is  that  the  constant  difference  in  composition  of  CHj  pro- 
duces the  same  difference  in  the  heat  of  combustion,  whether  we  are 
dealing  with  saturated  hydrocarbons  or  with  either  of  the  series  of 
unsaturated  hydrocarbons.  The  meaning  of  this  fact  is  not  at  pres- 
ent clear,  but  it  is  certainly  important  from  the  standpoint  of  the 
constitution  of  these  substances. 

Alcohols.  —  The  alcohols  differ  from  the  corresponding  hydro- 
carbons in  that  they  contain  one  atom  of  oxygen  more  than  the 
latter.  They  thus  represent  the  first  stage  of  oxidation  of  the 
hydrocarbons.  The  heat  of  combustion  of  the  alcohols  is  less  than 
that  of  the  hydrocarbons,  as  we  would  expect,  since  they  are  already 
partly  oxidized.     A  few  results  are  given :  — 
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Alc»>bolb 


Heat  or  CoxBCvnox  |      Diitbkkkcb 


Methyl  alcohol,  CH4O 
Ethyl  alcohol,  CsH«0 
Propyl  alcohol,  CaHgO 
IiM>butyl  alcohol,  C4H10O   . 


182.2  Cals. 
ai0.6CaU. 
408.6  Cals. 


658.5  Cals. 


158.3  Cals. 
158.1  Cals. 
159.9  Cals. 


We  observe  the  same  relation  here  as  with  the  hydrocarbons. 
A  constant  difference  in  composition  between  succeeding  members 
of  the  homologous  series  corresponds  to  a  constant  difference  in  the 
heat  of  combustion. 

As  we  have  stated,  the  hydrocarbons  differ  from  the  correspond- 
ing alcohols  in  that  the  latter  contain  an  oxygen  atom.  We  should, 
therefore,  expect  a  nearly  constant  difference  between  the  heat  of 
combustion  of  the  hydrocarbon  and  the  alcohol.  Facts  substantiate 
this  conclusion. 

Heat  of  combustion  of  CH4  -  CH4O  =  29.7  Cals. 
Heat  of  combustion  of  CjH^,  —  CaHgO  =  29.9  Cals. 
Heat  of  combustion  of  C3H,,  —  CsHgO  =  30.6  Cals. 
Heat  of  combustion  of  C4H,o  —  C4H10O  =  28.7  Cals. 

Results  similar  to  the  above  were  obtained  with  other  oxidation 
producjts  of  the  hydrocarbons.  In  some  cases  the  effect  of  consti- 
tution was  more  pronounced  than  in  others,  but,  on  the  whole,  noth- 
ing essentially  new  would  l)e  brought  out  by  going  farther  into 
details  in  this  direction.  One  further  class  of  paraffine  derivatives 
must,  howev(»r,  hr,  (considered. 

Halogen  Substitution  Products  of  the  Paraffines.  —  Take  iirst  the 
chloriiHi  (l(M'ivatives  of  the  paraffines.  A  constant  difference  in  com- 
position corresponds  to  a  constant  difference  in  the  heat  of  combus- 
tion. 


Mtahyl  chloride,  CIIi,Cl 
Ethyl  chloride,  C^^IIfiCl  . 
''-^vl  ohlorlde,  CIItCI 

^HtCl 


Hkat   «»F   OjMIU'STIoN 


164.8  Cals. 
:{21.9  Cals. 
480.2  Cals. 
0;J7.0  Cals. 


DlKFRRKSCK 


157.1 

158.3 
157.7 
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Results  of  a  similar  character  were  obtained  with  other  halogen 
derivatives  of  the  paraffines. 

An  interesting  relation  between  the  heats  of  formation  of  the 
chlorides,  bromides,  and  iodides  of  the  paraffines  has  been  pointed 
out  by  Ostwald.'  He  gives  the  following  table  of  results,  cal- 
culated from  the  heat3  of  combustion  of  the  compounds  and  of 
the  elements :  — 


n.«o,Fo«„,o» 

H....,F<.>...T.OH 

!,■„. 

CHaCl 

22.0  Cala. 

CHjBr 

14.2  CalB. 

7.8  Calfl. 

C^HiCI 

20.6  Cala. 

CiH.Br 

21.8  Cttk 

7.8  Cals. 

CHtCI 

36.0  CalB. 

C,H,Br 

29.1  Cala. 

6.0  C&lH. 

CHjI 

2.6  CalB. 

10^  Gals. 

CsH.I 

M  CaU. 

,  10.7  Cala. 

There  is  a  constant  difference  between  the  heats  of  formation  of 
the  bromides  and  chlorides,  and  the  iodides  and  chlorides.  This 
difference  is  independent  of  the  size  of  the  group  combined  with  the 
halogen,  i.e.  whether  it  is  methyl,  ethyl,  propyl,  etc.  Results  of 
this  kind  are  certainly  very  closely  connected  with  the  fundamental 
problems  of  the  combination  of  matter. 

The  Thennochemjstry  of  Benzene.  —  The  thermochemiciU  results 
which  have  been  obtained  with  benzene  are  especially  interesting, 
as  showing  a  new  application  of  the  results  of  such  measurements. 
The  problem  of  the  constitution  of  benzene  has  been,  and  is  still, 
one  of  the  fundamental  problems  of  organic  chemistry.  The  mole- 
cule contains  six  carbon  atoms  and  six  hydrogen  atoms,  and  the  fun- 
damental question  is  the  way  in  which  the  carbon  atoms  are  united. 
The  two  possibilities  be- 


tween which  it  has  been 
found  difficult  to  decide 
are  the  following :  — 

In  I  the  carbon  atoms 
are  united  alternately  by 
single  and  double  union. 
There  ai'c  three  double 
and  three  single  bonds  in 
the  molecule.    In  II  all  the  carbon  atoms  are 


I 


\c« 


ited  by  single  bonds. 
There  are  nine  single  bonds  in  the  molecule.    The  first  formula  is  the 

>  Lehrb.  d.  Allg.  Chem.  II,  p.  390. 
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well-known  heKagon  of  Kekul^ ;  the  second,  the  prism  formula  of  La- 
denbiirg.  The  attempt  has  been  made  to  decide  between  these  formu- 
las by  therm ochemical  methods.  Thomsen  found  '  that  when  carbon 
is  united  with  carbon  by  double  linkage  (C  =C)  the  heat  of  combus- 
tion is  different  from  that  of  carbon  united  to  carbon  by  single 
linkage  (C  —  C).  He  worked  out,  approximately,  the  heat  of  com- 
bustion of  carbon  under  these  two  conditions,  and  also  the  heat  of 
combustion  of  six  hydrogen  atoms.  He  then  determined  the  heat 
of  combustion  of  benzene,  and  found  the  value  788  Cals.  "When  the 
heat  of  combustion  of  the  six  hydrogen  atoms  was  subtracted  from 
this  quantity,  the  remainder  was  found  to  correspond  to  the  condi- 
tion of  six  carbon  atoms  united  by  single  union.  In  a  word,  there 
are  nine  single  unions  in  benzene,  or  the  prism  formula  of  Laden- 
burg  represents  the  structure  of  the  benzene  molecule. 

Wb  must  not,  however,  accept  this  conclusion  as  in  any  way 
final.  We  have  seen  that  exactly  the  opposite  result  was  reached 
by  Briihl  from  a  study  of  the  refractivity  of  benzene.  He  concluded 
from  his  work,  that  there  are  three  single  and  three  double  bonds  in 
the  benzene  molecule. 

It  must  also  be  remembered  that  no  one  method  is  capable  of 
settling  such  a  problem,  to  the  exclusion  of  the  results  of  all  other 
methods.  A  great  many  purely  chemical  methods  have  been  brought 
to  bear  on  the  problem  of  the  constitution  of  benzene,  with  the  gen- 
eral result  that  the  hexagonal  formula  of  Kekul^  seems  to  account 
for  the  facts  rather  better  than  any  other  which  has  been  proposed. 
There  is  this  objection,  however,  to  the  formula  of  Kekul^,  that  it 
represents  the  benzene  molecule  as  occupying  only  two  dimensions 
in  space.  It  should  be  stated  in  this  connection  that  a  number  of 
facts  have  been  pointed  out,  especially  by  Ladenburg,  which  seem 
to  indicate  the  general  correctness  of  the  prism  formula.  It  is  thns 
obvious  that  the  question  of  the  constitution  of  benzene  is  still  an 

Effect  of  Constitution  on  Heat  of  CombnBtion.  —  Certain  striking 

relations  between  the  heats  of  combustion  of  compounds  and  their 
differences  in  composition  have  been  pointed  out.  We  must  not,  how- 
ever, draw  the  conclusion  that  heat  of  combustion  is  conditioned 
only  by  the  composition  of  the  molecule.  The  constitution  of  the 
molecule,  or  the  way  in  which  its  constituents  are  united,  has  a 
marked  influence,  in  many  cases  other  than  benzene,  on  the  heat 
of  combustion.  To  determine  the  effect  of  constitution  on  heat  of 
combustion,  it  is  necessary  to  compare  substances  having  the  same 
1  7%ermiiehrmiache  Vnlersuekuitgeit. 
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composition,  but  different  constitution.  Such  are,  of  course,  the 
well-known  isomeric  compounds.  If  we  compare  isomeric  com- 
pounds having  nearly  the  same  constitution,  we  shall  find  compara- 
tively slight  differences  in  the  heats  of  combustion.  This  is  shown 
by  the  following  example :  — 

Heat  op  CJombustiok 
Methyl  acetate,  CH^COOCHg         ....        395  Cals. 
Ethyl  formate,  HCOOC2H6 390  Cals. 

If  the  isomeric  compounds  differ  still  more  in  constitution,  the 
difference  in  the  heats  of  combustion  will  be  still  greater.  Take  the 
compounds :  — 

HxAT  OP  CoMBusnoir 

Methyl  formate,  HCOOCHs 252  Cals. 

Acetic  acid,  CHaCOOH 210  Cals. 

When  the  difference  in  constitution  is  very  great,  there  may  be  a 
very  large  difference  between  the  heats  of  combustion,  as  in  the  case 
given  below :  — 

Hkat  op  Combustion 

Benzene,  CeH* 788.0  Cals. 

Dipropargyl,  CeHe 883.2  Cals. 

No  very  important  generalization  connecting  constitution  and 
thermal  relations  has  been  reached.  The  data  at  hand  are  far  too 
meagre,  and  the  phenomena  dealt  with  perhaps  too  complex,  to 
admit  at  present  of  any  wide-reaching  conclusion.  It  is,  however, 
quite  clear  from  the  above  examples,  that  constitution  has  a  marked 
influence  on  heat  of  combustion ;  and  this  is  the  point  upon  which 
it  is  desired  to  lay  stress  in  this  place. 

The  energy  contained  in  a  molecule  is,  then,  not  conditioned 
solely  by  the  number  and  kind  of  atoms  present,  but  also  by  the 
way  in  which  they  are  combined  with  one  another.  This  is  proved 
by  the  fact  that  the  heats  of  combustion  of  isomeric  substances 
differ ;  and  since  the  end  products  in  such  cases  are  the  same,  the 
molecules  of  isomeric  substances  must  contain  different  amounts  of 
energy. 


CHAPTER  VII 


EL  ECT  ROCHEaolSTBT 


DEVELOPMEST  OF  ELECTUOCHEMISTRY 

Earlier  Observatioiu.  —  The  discovery  of  simple  electrical  phe- 
nomena preceded,  by  a  lung  time,  the  recognition  of  the  relation 
between  electricity  aiid  other  manifestations  of  energy.  It  was  not 
until  about  the  middle  of  the  last  century  that  Beccaria'  showed 
that  metals  like  zinc  could  be  obtained  from  their  oxides  by  means 
(if  the  electric  spark.  In  this  reaction  the  chemical  attraction 
between  the  zinc  and  the  oxygen  was  overcome  by  means  of  elec- 
tricity, and  it  appeared  probable  that  some  relation  existed  between 
the  two. 

The  observation  of  Van  Marum  that  metal  wires  when  heated 
by  the  current  in  an  atmosphere  of  nitrogen  were  not  converted  into 
the  oxide,  as  they  were  in  the  presence  of  oxygen,  was  of  special 
importance  as  bearing  upon  the  theory  of  combustion  in  vogue  at 
that  time.  A  bumiiig  body  was  supposed  to  give  off  a  substance 
having  negative  weight,  called  phlogiston.  What  we  now  call  an 
oxide  was  then  termed  a  "  calc."  The  calc  differed  from  the  metal 
in  that  it  contained  less  phlogiston. 

If  this  was  the  true  explanation  of  combustion,  then  there  waa 
no  reason  why  a  heated  metal  should  not  form  a  calc  in  nitrogen  as 
well  as  in  oxygen,  since  neither  of  these  gases  took  part  in  combus- 
tion. The  fact  that  no  calo  was  formed  in  the  presence  of  nitrogen 
was  a  strong  argument  against  the  theory  of  phlogiston,  as  a  satis- 
factor}'  and  sufficient  explanation  of  the  phenomenon  of  combustion. 

Oalrani'i  Disoovery.  —  It  was  not  until  the  last  decade  of  the 
eigliteenth  century  that  the  wife  of  Galvani  discovered  by  accident 
that  wiieu  the  crural  nm've  in  the  hind  leg  of  a  frog  was  touched 
with  a  scapula,  it  was  thrown  into  contraction  by  an  electric  dis- 
charge in  the  room.  Galvani's  Investigations  in  this  field  brought 
_  out  the  fact  that  when  both  muscle  and  nerve  were  connected  with 

I  6egchichlt  Elfk:  (Priestly),  Berlin,  1772, 
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metallic  conductors,  especially  when  these  were  of  different  metals, 
the  contractions  could  be  produced  without  the  presence  of  an  elec- 
tric discharge.  He  asked  himself  whence  the  source  of  this  elec- 
tricity, and  concluded  that  it  must  exist  in  the  animal  body.  This 
was  the  origin  of  his  theory  of  "  animal  electricity." 

Volta's  Discovery  of  tie  Primary  Battery. — That  strong  con- 
tractions in  the  muscle  were  produced  only  when  different  metals 
were  used,  showed  to  Volta^  the  insufiiciency  of  the  explanation 
offered  by  Galvani  to  account  for  the  source  of  the  electricity. 
Volta^  pointed  out  clearly  that  in  order  that  such  contractions 
should  be  produced  it  was  necessary  that  two  different  metals,  or 
conductors  of  the  first  class,  should  be  brought  in  contact,  and  at 
the  same  time  their  opposite  ends  should  be  brought  in  contact,  with 
a  conductor  of  the  second  class.  There  were  thus  two  possible 
sources  of  the  electricity ;  either  at  the  contact  of  the  two  different 
metals  with  each  other,  or  at  the  contact  of  the  metals  with  the  con- 
ductors of  the  second  class,  i.e.  the  liquids  present  in  the  animal 
itself.  He  concluded  that  the  chief  source  was  at  the  contact  of  the 
two  metallic  surfaces.  Volta  thus  distinguished  between  conduc- 
tors of  the  first  and  second  classes ;  placing  in  the  first  those  sub- 
stances which  conduct  like  the  metals,  in  the  second  those  which 
conduct  like  aqueous  solutions. 

The  Voltaic  Pile.  —  The  recognition  of  chemical  action  as  the 
cause  of  galvanic  action  led  to  the  construction  of  the  voltaic  pile. 
Volta  constructed  his  pile  of  zinc  and  silver,  placed  alternately  over 
one  another,  and  moistened  these  with  a  salt  solution  held  by  some 
porous  material.  The  strength  of  such  a  pile  depended  upon  the 
number  of  couples.  The  discovery  of  the  voltaic  pile  or  battery 
marks  an  epoch  in  the  development  of  electrochemistry.  This 
placed  in  the  hands  of  the  investigator  an  unlimited  supply  of  elec- 
tricity, which  made  it  possible  to  carry  on  systematic  investigations 
which  had  hitherto  been  impossible.  From  this  time  electrochem- 
istry developed  by  enormous  strides  —  one  important  discovery 
quickly  following  another. 

The  Electrolysis  of  Water.  —  The  source  of  the  electricity  in  the 
voltaic  pile  being  due  to  the  chemical  action  in  the  couple,  they  had  to 
do  here  with  a  clear  case  of  the  transformation  of  chemical  energy  into 
electrical.  The  next  step  which  naturally  would  have  been  taken 
was  to  determine  whether  it  was  possible  to  effect  chemical  decom- 
position by  means  of  the  current  from  such  a  pile.     This  was  done 

1  Phil  Trans.  1793,  I,  p.  10.     Grena'  Journ.  d.  Phys.  8,  479  (1796). 
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by  Nicholson  and  Carlisle'  at  the  beginning  of  the  nineteenth  centurjt 
Ky  means  of  the  current  they  decompoaed  water  into  oxygen  and  hy- 
drogen, the  gases  being  liberated  on  the  two  poles  of  their  couplea. 
This  was  an  important  step,  since  it  showed  clearly  the  transforma- 
tion of  electrical  energy  into  chemical,  and  made  it  strongly  prob- 
able that  there  is  a  tlose  relation  between  the  two. 

Work  of  Davy. — At  this  time  Humphry  Davy'  began  his 
epoch-making  experiments  with  the  eleutric  pile,  which  finally  in- 
sulted in  the  separation  of  the  alkali  metals  from  their  oxides.  The 
decomposition  of  these  osides  directly  by  the  current  was  strOBg 
evidence  in  favor  of  some  close  relation  between  chemical  attraction 
tmd  electrical  attraction.  As  the  result  of  his  electrochemical  stud- 
ies he  was  led  to  the  electrochemical  theory  which  bears  bis  name. 
According  to  this  theory,  the  atoms  of  diffei-ent  substances  acquire 
different  electrical  charges  by  contact,  and  these  attract  one  another 
because  of  the  different  charges  upon  them.  The  differences 
between  the  charges  may  be  so  small  that  the  attraction  between 
them  will  not  be  sufficient  to  cause  the  atoms  to  leave  their  former 
positions,  or  they  may  be  great  enough  to  effect  .such  a  rearrange- 
ment.    In  the  latter  case,  a  chemical  compound  is  formed. 

The  chemical  attrat'tion  of  atoms  depends,  then,  only  upon  the 
electrical  attraction  between  the  opposite  charges  which  have  aocu- 
muJated  upon  them,  due  to  their  contact  with  one  another.  A  large 
number  of  atoms,  each  with  a  small  attractive  power,  may  overcome 
a  greater  attraction  between  a  smaller  number  of  atoms.  This 
accounts  for  the  effect  of  maas  in  chemical  action,  which  we  shall 
leam  is  very  great  indeed. 

Electrolysis,  according  to  this  theory,  consists  in  equalizing  the 
charges  upon  the  atoms.  The  negatively  charged  atom  receives  posi- 
tive electricity  fram  the  positive  pole,  to  which  it  is  attracted  and 
becomes  electrically  neutral.  The  positively  charged  atom  is  at- 
tracted to,  and  electrically  neutralized  at,  the  negative  pole.  The 
compound  is  thus  necessarily  broken  down,  since  the  force  which 
held  its  constituents  together  no  longer  exists. 

The  Electrochemical  Theory  of  Ber«elii«.  —  The  theory  of  Davy 
never  acquired  any  lu'tuniiience,  and  soon  gave  place  to  that  of  Ber- 
zelius,  which  differed  from  it  fundamentally.  According  to  Davy 
an  atom  as  such  is  electrically  zero,  and  becomes  charged  positive  or 


1  yteholtotCs  Joum.  A,  1711  (1800). 

»  Ibid.  4.  375,  320.     Gill.  Ann,  7.  114  (1801);  28,  1,  161  (1808).     naiterian 
Lett.  Bog.  Soe.  (1806). 
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negative  by  contact  with  another  atom,  which  takes  a  charge  of  the 
opposite  sign.  Berzelius  *  claimed  that  every  atom  is  charged  with 
both  kinds  of  electricity.  These  exist  upon  the  atom  in  polar  ar- 
rangement, and  the  electrical  nature  of  the  atom  depends  upon  which 
kind  of  electricity  is  present  in  excess.  One  kind  is  usually  present 
in  large  excess,  giving  the  atom  a  decidedly  positive  or  negative 
character.  One  "  pole  "  is  usually  much  stronger  than  the  other,  so 
that  the  atom  reacts  as  if  it  were  "  unipolar."  Chemical  attraction 
is  but  the  electrical  attraction  of  these  oppositely  charged  atoms, 
and  the  intensity  of  the  former  is  conditioned  by  the  magnitude  of 
the  charges  upon  the  atoms.  A  negatively  charged  atom  is  attracted 
to,  and  combines  with,  one  carrying  a  positive  charge.  The  magni- 
tude of  these  opposite  charges  may  not  be  the  same,  the  compound 
formed  being  electrically  positive  or  negative,  depending  upon  which 
kind  of  electricity  is  present  in  excess.  Two  compounds,  the  one 
charged  positive  and  the  other  negative,  may  thus  in  turn  combine, 
forming  a  still  more  complex  compound.  In  this  way  Berzelius  was 
able  to  account  for  the  more  complex  substances,  such  as  the  so- 
called  double  compounds. 

Objections  to  the  Theory  of  Berzelius.  —  The  theory  as  put  forward 
by  Berzelius  did  not  long  enjoy  freedom  from  adverse  criticism. 
Indeed,  it  seemed  to  carry  with  it,  of  necessity,  a  questionable  conse- 
quence. If  chemical  union  is  due  to  the  electrical  attraction  of 
oppositely  charged  atoms,  which  come  together  and  more  or  less 
equalize  their  charges,  then,  as  soon  as  the  equalization  is  effected, 
the  cause  for  the  union  no  longer  exists,  and  the  constituents  of  the 
compound  must  fall  apart.  As  soon,  however,  as  any  decomposition 
took  place,  the  products  of  the  decomposition  would  again  become 
oppositely  charged,  would,  therefore,  attract  one  another  and  reunite. 
There  would  thus  result  a  continual  decomposition  and  reunion,  and 
a  chemical  compound  would  always  seem  to  be  in  a  state  of  unstable 
equilibrium. 

The  theory,  however,  was  soon  called  upon  to  meet  what  was 
supposed  to  be  a  very  serious  objection.  If  chemical  union  depends 
only  upon  the  electrical  charges  upon  the  atoms,  then,  the  proper- 
ties of  the  compound  formed  would  be  a  function  of  the  electrical 
charges  upon  the  atoms  in  the  compound.  It  was  found  to  be  possi- 
ble to  substitute  the  three  hydrogen  atoms  in  the  methyl  group  of 
acetic  acid  by  three  chlorine  atoms,  without  seriously  changing  the 
properties  of  the  compound.     Berzelius  could  not  satisfactorily  ex- 

1  Gilb.  Ann.  27,  270  (1807).   Afh,  i  Fysik.  Kemi  och  Miner,  Stockholm,  1806. 
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plain  this  fact.  The  tliree  hydrogen  atoms  each  carried  a  positire 
charge,  while  the  three  chloriue  atoms  each  carried  a  negative  cha.i'ge. 
That  three  positive  charges  could  be  replaced  in  a  compound  by  thi-ee 
negative  charges,  without  fundamentally  changing  the  nature  of 
the  compound,  was,  for  a  long  time,  an  insuperahle  objection  to  the 
electrochemical  theory  of  Berzelius.  Indeed,  this  argument  was 
regarded  until  very  recently  as  practically  overthrowing  the  theory. 

Thomson  OTerthrowi  thi§  Objeotioo.  —  The  above  objection  to 
the  theory  of  Berzeliua  persisted  nearly  to  the  end  of  the  nineteenth 
century.  It  has,  however,  been  recently  removed  by  the  work  of 
J.  J.  Thomson,'  which  will  be  referred  to  in  this  place  as  it  bears  so 
directly  upon  a  theory  whose  importance  is  now  very  great  indeed. 
Thomson  has  shown  ex  peri  mentally  that  the  same  element  may  be 
charged  now  positive,  now  negative,  depending  upon  conditions.  He 
electrolyzed  hydrogen  gas,*  and  found  that  positive  hydrogen  went  to 
one  pole  and  negative  to  the  other.  The  spectra  of  the  hydrogen 
around  the  two  poles  was  studied  and  found  to  be  quite  different. 
The  molecule  of  hydrogen  gas  is,  then,  very  probably  made  up  of  a 
positive  and  a  negative  hydrogen  ion. 

We  must  not,  therefore,  conclude  that  because  hydrogen  is  BomQ- 
times  positively  charged  it  is  always  so,  Thomson's  own  words  in 
connection  with  the  bearing  of  his  work  on  the  theory  of  Berzelius 
are  given  below  r  — 

"  In  many  organic  compounds,  atoms  of  an  electropositive  element 
hydrogen  are  replaced  by  atoms  of  an  electronegative  element  chlo- 
rine, without  altering  the  type  of  the  compound.  Thus,  for  example, 
we  can  replace  the  4  hydrogen  atoms  in  CH^  by  CI  atoms,  getting, 
successively,  the  compounds  CHjCl,  CHjClj,  CHCla  and  CCl^.  It 
seemed  of  interest,  to  investigate  what  was  the  nature  of  the  charge 
of  electricity  on  the  chlorine  atoms  in  these  compounds.  The  point 
is  of  some  historical  interest,  as  the  possibility  of  substituting  an 
electronegative  element  in  a  compound  for  an  electropositive  one, 
was  one  of  the  chief  objections  against  the  electrochemical  theory 
of  Berzelius.  When  the  vapor  of  chloroform  was  placed  in  the  tube, 
it  was  found  that  both  the  H  and  CI  lines  were  bright  on  the  nega- 
tive side  of  the  plate,  while  they  were  absent  from  the  positive  side, 
and  that  any  increase  in  the  brightness  of  the  H  lines  was  accom- 
panied by  an  increase  in  the  brightness  of  those  due  to  CI.  .  .  .  The 
appearance  of  the  H  and  CI  spectra  on  the  same  side  of  the  plate  was 
also  observed  in  methylene  chloride  and  in  ethylene  chloride.    Even 


'  ;Vii(ure.  S3.  453  (1896). 
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when  all  the  H  in  CH4  was  replaced  by  CI,  as  in  carbon  tetrachloride 
CCI4,  the  CI  spectra  still  clung  to  the  negative  side  of  the  plate. 

"  The  same  point  was  tested  with  SiCl4,  and  the  CI  spectra  was 
brightest  on  the  negative  side  of  the  plate. 

"  From  these  experiments  it  would  appear  that  the  CI  atoms,  in 
the  chlorine  derivatives  of  methane,  are  charged  with  electricity  of 
the  same  sign  as  the  H  atoms  they  displace." 
•  This  work  leaves  the  classical  argument  against  the  theory  of 
Berzelius  without  foundation,  since  the  hydrogen  atoms  in  acetic 
acid  are  replaced  by  chlorine  atoms  which  carry  the  same  kind  of 
charge  as  the  hydrogen  which  they  replace.  Therefore,  the  proper- 
ties of  trichloracetic  acid  should  resemble  closely  those  of  acetic  acid 
if  the  theory  of  Berzelius  is  true,  and  such  is  the  fact. 

The  Law  of  Faraday.  —  The  period  immediately  following  the 
one  just  considered,  from  an  electrochemical  standpoint,  was  not 
very  fertile  until  we  come  to  the  investigations  of  Faraday.^  Upon 
these  investigations  it  is  difficult  to  lay  too  much  stress.  Faraday 
showed  the  identity  of  electricity  from  different  sources,  whether 
produced  by  friction  or  by  chemical  action.  He  also  studied  the 
relation  between  the  amount  of  chemical  decomposition  effected  by 
a  current  in  passing  through  a  conductor  of  the  second  class,  and 
the  amount  of  electricity  which  flowed  through  the  conductor.  He 
found  that  the  two  were  proportional  to  one  another,  and  from  this 
announced  the  first  part  of  his  law :  — 

TTie  amount  of  chemical  decomposition  effected  by  the  passage  of 
the  current  is  proportional  to  the  amount  of  electricity  which  flows 
through  the  conductor. 

This  is  one  of  the  few  laws  of  nature  which  seems  to  hold  rigidly 
under  all  known  conditions.  There  is  no  well-established  exception 
to  this  law. 

Faraday  determined  also  the  amounts  of  different  elements  which 
are  separated  from  their  compounds,  by  passing  the  same  current 
through  solutions  of  these  compounds.  For  example,  the  same 
current  was  passed  through  solutions  of,  say,  copper  sulphate,  zinc 
chloride,  and  silver  nitrate,  and  the  amounts  of  copper,  zinc,  and 
silver  deposited  determined  by  weighing  the  electrodes  before 
and  after  the  experiment.  A  generalization  of  very  wide  significance 
was  reached,  which  is  the  second  part  of  the  law  of  Faraday :  The 
amounts  of  the  different  elements  which  are  separated  by  the  same 
quantity  of  electricity  bear  the  same  relation  to  one  another  as  the 

^Expr.  Researches,  III,  Ser.  No.  373  (1832). 
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^laivaltid*  of  these  Yemenis.  Tlie  atoms  of  all  oniralent  elements 
carry  exactly  the  same  quantity  of  electricity,  of  biraleot  elements 
twice  as  much,  of  trivaleot  three  times  as  much,  and  so  on.  In  a 
word,  all  univalent  atoms  carry  the  same  amount  of  electricity,  and 
all  jxily^'aleat  atoms  a  simple,  rational,  multiple  of  the  amount  carried 
by  univalent  atoms  —  the  multiple  being  the  valence  of  the  atom. 

After  Faraday  proposed  his  law,  confusion  arose  between  the 
terms  "quantity  of  electricity"  and  "electrical  energy,"  and  some 
confusion  might  still  exist  if  we  are  not  careful  to  consider  the  wide 
difference  which  exists  between  the  meaning  of  these  terms.  Elec- 
trical energy,  like  every  other  manifestation  of  energy,  can  be 
factored  into  a  capacity  factor  and  an  intensity  factor.  The  capacity 
factor  of  electrical  energy  is  the  quantity  of  electricity,  the  intensity 
factor  the  potential.  These  bear  the  following  relation  to  electrical 
energy;  — 

capacity  factor  x  intensity  factor  =  electrical  energy,         ^H 
or  quantity  x  potential  =  electrical  energy.         ^H 

The  law  of  Faraday  says  that  when  equal  quantities  of  electriciQ"' " 
are  jiassed  through  conductors  of  the  second  class,  t-hemicaHy  eqaiv- 
alent  quantities  of  the  different  elements  are  separated  from  their 
compounds.  It  says  nothing  whatever  about  the  potential  required 
to  effect  the  decompositions,  and,  consequently,  nothing  about  the 
electrical  energy  required  in  the  different  cases.  Indeed,  it  is  self- 
evident  that  this  would  be  very  different  in  different  cases. 

Eleotrolyiu.  —  The  power  of  the  electric  current  to  effect  the 
decomposition  of  chemical  compounds  was  brought  into  special 
prominence  by  the  work  of  Faraday.  The  decomposition  of  com- 
poiinda  by  the  current,  he  termed  eleclTolytis.  Some  of  the  most 
important  advances  which  were  made  at  this  period  are  along  the 
line  which  we  are  now  considering.  Theories  were  proi>osed  to 
account  for  the  facts  then  known,  which  we  recc^ize  at  the  present 
day  as  containing  the  essence  of  one  of  the  widest  reaching  general- 
izations in  modern  chemical  science. 

When  the  two  poles  of  a  voltaic  cell  were  immersed  in  acidulated 
water,  hydrogen  was  liberated  upon  the  one  pole,  and  oxygen  upon 
the  other.  Biitween  the  two  poles  there  was  a  layer  of  water  par- 
ticles, which  iijiparcntly  underwent  no  decomposition.  The  question 
aroHi^,  Do  the  hydrogen  and  oxygen  set  free  come  from  the  same  or 
from  different  particlcB  of  water  ?  It  was  not  a  simple  matter  to 
d0ci(lM  ihia  point.  A  Hiiiierlicial  glance  at  what  took  place  would 
1*4VB  the  iinpiussioa  that  they  came  from  different  particles 
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of  water;  yet  it  might  be  true  tliat  the  water  molecules  which 
underwent  decomposition  were  those  which  were  halfway  between 
the  poles,  and  that  the  hydrogen  moved  from  this  point  in  one 
direction,  and  the  oxygen  in  the  other.  Humphry  Davy  undertook 
to  decide  this  question  experimentally.  He  placed  each  pole  of  a 
voltaic  cell  in  a  vessel  containing  water,  and  connected  the  two 
vessels  by  placing  a  finger  of  one  hand  in  the  one  vessel,  and  a  finger 
of  the  other  hand  in  the  other  vessel.  He  insulated  his  body  from 
the  earth  by  standing  on  a  rubber  plate.  The  electrolysis  took  place, 
and  the  gases  separated  from  the  electrodes  just  as  if  the  vessels 
had  been  connected  directjy. 

According  to  Davy,  in  such  an  arrangement  it  is  difficult  to  see 
how  the  hydrogen  and  oxygen  liberated  at  the  poles  could  come 
from  the  same  molecule  of  water.  It  was,  therefore,  probable,  that 
in  the  ordinary  electrolysis  of  water,  the  hydrogen  and  oxygen  came 
from  different  molecules  of  water. 

Theory  of  Orotthnss.  —  The  first  to  account  at  all  satisfactorily 
for  electrolysis  was  Grotthuss,*  at  the  early  date  of  1806.     At  the 


Fio.  36. 

moment  when  the  hydrogen  and  oxygen  separate,  the  one  becomes 
positive  and  the  other  negative.  The  positively  charged  hydrogen 
is  attracted  to  the  negative  pole  and  repelled  from  the  positive  pole. 
The  negatively  charged  oxygen  is  attracted  to  the  positive  and 
repelled  from  the  negative  pole.  This  clear  and  concise  idea  of 
Grotthuss  is  represented  graphically  in  the  accompanying  figure  (36). 

1  Ann.  de  Chim.  [1],  68,  54  (1806). 
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The  atoms  marked  positive  represent  hydrogen ;  those  marSt 
negative,  OKygen.  Before  the  current  is  passed,  each  oxygen  atom 
is  combined  with  a  certain  definite  hydrogen  atom,  fotjniug  water. 
When  the  current  is  passed,  the  hydrogen  atom  nearest  the  negative 
pole  gives  up  its  positive  charge  to  that  pole,  —  becomes  electrically 
neutral,  and  separates  as  hydrogen  gas.  (See  Fig.  37.)  The  oxygen 
atom  whifh  was  originally  in  combination  with  this  hydrogen  is 
now  free,  and  combines  with  the  hydrogen  of  the  next  molecule  of 
water.  This  sets  another  oxygen  atom  free,  which  combines  with 
the  next  hydrogen,  and  so  on  until  the  positive  pole  is  reached, 
when  the  last  oxygen  atom  in  the  chain  not  having  any  hydrogen 
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with  which  to  combine,  takes  up  positive  electricity  from  the 
positive  pole,  becomes  electrically  neutral,  and  escapes  as  gaseous 
oxygen.  The  gases  which  escape  only  on  the  electrodes  come 
from  different  molecules  of  water,  as  was  made  very  probable  by 
the  experiment  of  Davy.  The  molecules  between  the  electrodes 
are,  during  the  electrolysis,  constantly  interchanging  their  con- 
stituents. 

The  distinctive  feature  of  the  theory  of  Grotthuss  is  that  before 
electrolysis,  each  hydrogen  atom  is  combined  with  a  definite  oxygen 
atom,  from  which  it  does  not  part  company.  The  current  must  first 
decompose  the  water  molecules  before  any  electrolysis  can  take 
place.  This  theory  accounted  for  the  facts  known  at  that  time,  and 
it  remained  as  the  established  theory  of  electrolysis  until  after  t 
middle  of  the  nineteenth  century. 
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Theory  of  Williamson.  —  A  theory  as  to  the  condition  of  things 
in  solution  was  proposed  by  Williamson  *  in  1851.  This  theory  was 
the  outcome  of  his  work  on  the  preparation  of  ordinary  ether  by  the 
action  of  sulphuric  acid  on  ethyl  alcohol.  The  reaction  which  gave 
ether  as  the  product  was  recognized  as  proceeding  in  the  following 
stages ;  — 

I.   SO,  <  OH  +  HOC,H,  =  SO,  <  ^Qlf  *  -h  H,0 ; 
II.   SO,<^^|f»  +  HOC,H,  =  SO<gg  +  g^JJ»>0. 

The  first  stage  of  the  reaction  consists  in  the  replacement  of  a 
hydrogen  atom  of  the  sulphuric  acid  by  the  ethyl  group,  with  the 
elimination  of  a  molecule  of  water. 

The  second  consists  in  the  replacement  of  the  ethyl  group  in 
ethyl  sulphuric  acid,  by  the  hydroxyl  hydrogen  atom  from  the  alco- 
hol. The  reaction  which  takes  place  as  represented  in  I  is  reversed 
in  II,  the  final  result  being  the  removal  of  a  molecule  of  water  from 
two  molecules  of  alcohol,  and  the  formation  of  a  molecule  of  ordinary 
ether.  From  this  Williamson  concluded  "that  in  an  aggregate  of 
the  molecules  of  every  compound,  a  constant  interchange  between 
the  elements  contained  in  them  is  taking  place." 

Williamson  ^  concluded  his  paper  with  the  following  very  signifi- 
cant words:  "In  recent  years  chemists  have  added  to  the  atomic 
theory  an  uncertain,  and,  as  I  believe,  an  unsubstantiated  hypothesis, 
that  the  atoms  are  in  a  condition  of  rest.  I  reject  this  hypothesis 
and  foimd  my  views  on  the  broader  basis,  the  movement  of  the  atoms,^' 

Theory  of  ClansinB.  —  Clausius  ^  did  not  think  it  necessary  or  even 
justifiable  to  go  as  far  as  Williamson,  and  assume  that  there  is  a 
constant  interchange  of  parts  in  a  solution,  and  that  no  one  part- 
molecule  remains  attached  to  another  for  any  appreciable  time.  On 
the  other  hand,  he  saw  that  the  theory  of  Grotthuss  was  not  capable 
of  accounting  for  facts  which  had  come  to  light  since  it  had  been 
proposed.  The  current,  according  to  Grotthuss,  must  first  decompose 
the  molecules  before  it  can  effect  any  electrolysis.  In  reference  to 
this  point  Clausius  *  says :  "  In  order  to  separate  the  once  combined 
part-molecules,  the  attractions  which  they  exert  upon  one  another 
must  be  overcome.  To  accomplish  this,  a  force  of  definite  strength 
is  necessary,  and  one  is  therefore  led  to  the  conclusion  that  as  long 
as  the  force  in  the  conductor  does  not  possess  this  strength,  no  de- 

1  Lieb.  Ann.  77,  37  (1861).  »  Pogg.  Ann.  101,  338  (1857). 

«  Ibid.  77,  48  (1861).  *  Ibid.  101,  34(;  (1867). 
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composition  of  the  molecules  can  take  place.  But,  oa  the  contraiy, 
when  the  force  has  acquired  this  strength,  very  many  molecules 
must  be  decomposed  at  the  same  time,  in  that  they  are  all  under  the 
effect  of  the  same  force,  and  have  almost  exactly  the  same  position 
to  one  another.  If  the  conductor  conducts  only  by  electrolysis,  we 
may  draw  the  following  conclusion  in  reference  to  the  current :  As 
long  as  the  driving  force  in  the  conductor  ia  below  a  certain  limit  no 
current  will  pass,  but  when  it  has  reached  this  limit  a  very  strong 
current  suddenly  exists. 

"  This  conclusion  is  in  direct  opposition  to  the  facta.  The  small- 
est force  produces  a  cuiTent  by  alternate  decomposition  and  reunion, 
and  the  intensity  of  the  current  increases  according  to  Ohm's  law,  — 
proportional  to  the  force.  Therefore,  the  assumption  that  the  part- 
molecules  of  an  electrolyte  are  combined  rigidly  to  form  whole 
molecules,    and   that    they   have  definite,  regular,  arrangement    is 


The  assumption,  then,  that  the  natural  condition  of  a  solution  of 
an  electrolyte  is  one  of  static  equilibrium,  in  which  every  positive 
partrmolecule  is  combined  rigidly  with  a  negative,  was  abandoned 
by  Clausius  as  untenable  and  his  own  theory  proposed  in  ibj  place. 

According  to  Clausius,  an  electrolytic  solution  consists  mainly  of 
whole  molecules  of  the  electrolyte,  but  in  addition,  there  are  some 
part-molecules.  A  positive  partrmolecule  may,  during  the  move- 
ments to  which  it  ia  subjected,  come  into  a  position  with  respect 
to  the  negative  part  of  another  molecule,  which  is  more  favorable 
for  union  with  this,  than  with  its  own  negative  companion.  It 
would  then  part  company  with  the  latter  and  join  the  former.  This 
would  leave,  tlien,  a  positive  and  a  negative  part-molecule  free 
to  move  about  through  the  solution  and  combine  with  other  part- 
molecules,  or  break  down  whole  moleciilea  already  existing  as  such 
in  the  solution.  These  movements  and  decompositions  lake  place 
with  the  same  irregularity  as  the  heat  movements  which  produce 
them.  The  two  part-molecules  resulting  from  the  breaking  down 
of  a  whole  molecule,  may  combine  directly  with  one  another,  or 
may  be  prevented  from  doing  so  by  the  movements  due  to  heat. 
The  amount  of  such  decomposition  iu  a  solution  would  depend  upon 
the  nature  of  the  solution  and  upon  the  temperature. 

Allow  an  electric  force  to  act  upon  a  solution  conttunitig  a  mix- 
ture of  whole  and  partr molecules.  The  part-molecules  will  no  longer 
move  about  equally  in  all  directions  as  they  would  if  subjected  to 
the  action  of  heat  alone,  b\it  more  positive  parts  will  move  in  the 
rection  of  the  negative  pole,  and  negative  parts  toward  the  positive 
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pole,  than  in  any  other  direction.  This  directing  influence  of  the 
current  will  also  facilitate  the  breaking  down  of  the  whole  molecules 
into  part-molecules. 

This  assumption  of  a  partial  breaking  down  of  the  molecules  in 
a  solution  of  an  electrolyte,  before  any  current  is  passed,  accounted 
satisfactorily  for  the  fact  which  could  not  be  explained  by  the 
theory  of  Grotthuss  —  viz.,  that  an  infinitely  weak  current  could 
effect  electrolysis  of  water  containing  a  little  acid.  Such  a  current, 
in  terms  of  the  theory  of  Clausius,  would  simply  exert  a  directing 
influence  on  the  part-molecules  already  present,  since  it  would  be 
too  weak  to  break  down  any  of  the  whole  molecules  of  water.  The 
amount  of  this  directing  influence  would  be  proportional  to  the 
strength  of  the  current,  as  had  been  shown  to  be  the  case.  In  the 
opinion  of  Clausius  the  action  of  the  current  is  primarily  a  directing 
one,  but,  at  the  same  time,  it  facilitates  a  decomposition  of  the 
molecules  into  part-molecules. 

The  theory  of  Clausius,  which  has  just  been  considered  at  some 
length,  will  be  recognized  to  be  the  father  of  the  Theory  of  Electro- 
lytic Dissociation.  This  brief  historical  sketch  brings  us  up  to 
modern  electrochemistry. 

ELECTRICAL  ENERGY;  UNITS;  NOMENCLATURE 

Electrical  Energy.  —  Electrical  energy  may  be  factored  into  two 
factors,  as  already  stated,  —  an  intensity  factor  or  potential,  and  a 
capacity  factor  or  amount  of  electricity.  This  is  analogous  to  the 
factors  of  heat  energy;  an  intensity  factor  or  temperature,  and  a 
capacity  factor  or  amount  of  heat.  The  unit  for  the  intensity  factor 
of  heat  energy  is  the  degree,  starting  from  the  absolute  zero.  We 
have  no  corresponding  unit  for  the  intensity  factor  of  electrical 
energy,  and  may,  therefore,  choose  our  unit  arbitrarily.  We  can 
start  from  any  constant  potential  as  zero.  In  practice,  we  usually 
select  the  potential  of  the  earth  as  the  zero  point.  The  capacity 
for  electrical  energy  is  the  amount  present  in  a  given  system,  for 
a  definite  difference  in  potential. 

The  relations  between  the  different  manifestations  of  energy, 
known  as  electricity  and  as  heat,  are  striking  and  interesting ;  yet 
certain  marked  differences  exist.  One  of  these  is  so  pronounced  as 
to  call  for  special  comment. 

Conduction  of  Heat  and  of  Electricity.  —  All  known  substances 
conduct  heat  energy.  Metals  are  the  best  conductors  of  heat,  both 
as   to  quantity  and   rate.     The  best  conductors   of  heat  energy, 
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however,  as  compared  with  the  worst,  liardly  exceed  the  ratio  of 
100  to  1. 

Substances  behave  very  difEerently  with  respect  to  their  power 
to  transmit  electrical  energy.  Tliose  like  the  metals  conduct  elec- 
tricity with  the  velocity  of  light,  while  glass,  wax,  etc.,  conduct  with 
infinite  slowness.  The  ratio  between  the  best  and  poorest  conduc- 
tors of  electricity  ia  about  as  10"  to  1. 

Of  the  chemically  pure  substances,  solids  conduct  In  general 
better  than  liquids ;  yet,  many  non-conducting  salts  when  fused 
become  electrolytes.  Gases,  according  to  the  recent  work  of  J,  J. 
Thomson,'  undoubtedly  conduct  electrolytically. 

Substances  like  the  metals,  which  carry  the  current  without 
undergoing  chemical  decomposition,  are  termed  conductors  of  the 
first  doss. 

Solutions  of  some  substances  in  certain  solvents  are  capable  of 
conducting  the  current.  Thus,  acids,  bases,  and  salts,  in  water,  are 
conductors ;  but  at  the  same  time  they  undergo  chemical  decomposi- 
tion. These  are  known  as  conductors  of  the  second  class.  So  little  is 
known  about  the  actual  mode  by  which  metals  conduct  the  current, 
that  it  is  difficult  to  say  just  how  much  importance  should  be  attached 
to  the  distinction  between  metallic  and  electrolytic  conduction.  The 
most  recent  work,  however,  makes  it  very  probable  that  there  is  a 
close  relation  between  the  two  kinds  of  conductivity.  It  seems 
quite  probable,  though  it  has  not  been  proved,  that  conductivity  in 
metals,  as  well  aa  in  electi'olytes,  is  ionic. 

Law  of  ElectroBtatio  Force  (Coulomb's  law).  —  If  two  bodies 
are  charged  with  electricity,  the  force  acting  between  them  depends 
upon  the  quantity  of  electricity  upon  tlie  bodies,  the  distance  be- 
tween the  bodies,  and  the  nature  of  the  medium  which  surrounds 
them.  If  we  represent  the  quantities  of  electricity  by  7,  and  7^  the 
distance  between  the  bodies  by  d,  and  the  specific  inductive  capac-ity 
or  dielectric  constant  of  the  medium  by  C,  the  law  of  electrostatio 
attraction  is  expressed  thus:  — 


F=C 


in  which  F  is  the  force  acting  between  the  charged  bodies. 

This  is  known  as  the  law  of  Coulomb,  since  it  was  he  who  first 
verified  it  experimentally. 

Law  of  Joole.  — Whenever  conductors  at  different  potentials  are 
brought  in  contact,  a  current  of  electricity  passes  from  one  to  the 

'  RcrftU  Rfsearrhci  in  Electricity  and  Magnetism  (1803). 
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other.  The  current  always  flows  from  the  conductor  at  higher  to 
that  at  lower  potential.  During  the  passage  of  the  current,  certain 
effects  are  produced  in  the  conductors  which  obey  deflnite  known 
laws.  One  of  the  most  common  of  these  is  the  heating  of  the  con- 
ductor. Electrical  energy  disappears  and  heat  energy  appears. 
This  fact  must  have  been  observed,  qualitatively,  by  every  one  who 
has  allowed  a  current  to  flow  through  a  conductor.  A  quantitative 
relation  between  the  resistance  offered  to  the  passage  of  the  current, 
the  strength  of  the  current,  and  the  amount  of  heat  evolved  was 
discovered  experimentally  by  Joule.^ 

Let  r  be  the  resistance  to  the  passage  of  the  current,  c  the 
strength  of  the  current,  and  h  the  amount  of  heat  evolved ;  the  fol- 
lowing relation  obtains :  — 

The  heat  evolved  is  proportional  to  the  resistance  and  to  the  square 
of  the  strength  of  the  current.  This  is  the  well-known  law  of 
Joule. 

Law  of  Ohm.  —  A  quantitative  relation  has  also  been  established 
experimentally  between  the  strength  of  the  current,  the  electro- 
motive force,  and  the  resistance.  Let  C  be  the  strength  of  the  cur- 
rent, E  the  electromotive  force,  and  R  the  resistance :  — 

which  is  Ohm's  law. 

Electrical  Units.  —  There  are  two  systems  of  units  known  respec- 
tively as  the  electromagnetic  and  electrostatic.  The  units  in  the 
two  systems  are  very  different.  In  the  electromagnetic  system,  that 
current  is  taken  as  the  unit,  which,  when  passed  around  a  circular 
conductor  of  radius  2  w,  will  produce  a  magnetic  intensity  of  1  at 
the  centre.  When  unit  current  flows  one  second,  we  have  unit 
quantity  of  electricity. 

In  the  electrostatic  system,  that  quantity  of  electricity  is  taken 
at  the  unit,  which,  when  placed  at  a  distance  of  a  centimetre  from  an 
equal  quantity,  the  two  being  separated  by  air,  will  exert  a  force  of 
a  dyne,  or  will  produce  an  acceleration  in  a  gram  weight  of  a  centi- 
metre per  second.  The  nature  of  the  medium  separating  the  two 
quantities  is  essential  to  the  definition,  since  the  force  exerted 
depends  upon  the  dielectric  constant  of  the  medium. 

The  unit  quantity  in  the  electromagnetic  system  is  very  nearly 
3  X  10^^  times  the  unit  quantity  in  the  electrostatic  system. 

1  Phil.  Mag.  [."»]  19,  200  (1841). 
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Tlie  Electromafnetio  System  of  TTnitB.  —  The  electromagnetic 
system  lias  by  far  the  widest  application.  la  pra<;tice  the  unit  of 
quantity  is  not  that  stated  above,  but  one-tenth  this  amount. 

The  unit  of  potential  is  called  a  I'oll.  The  Clark  element  con- 
sisting of  mercury,  mercurous  salpliate,  zinc  sulphate  (saturated 
solution),  amalgamated  zinc,  has  an  electromotive  force  of  — 

1.4328  -  0.0012  (r  -  15)  volts. 

The  unit  of  quantity  most  frequently  used  is  called  a  coidomb. 
It  is  defined  as  the  quantity  which,  when  it  falls  one  volt  in  poten- 
tial, sets  free  10'  absolute  units  of  energy.  This,  as  stated  above, 
is  one-tenth  of  the  electromagnetic  unit. 

The  unit  of  energy  is  10'  in  absolute  units,  and  is  called  a 
joule. 

When  a  coulomb  passes  in  a  second  at  a  uniform  rate,  it  gives  a 
unit  current,  which  is  called  an  ampire. 

The  unit  of  resistance  is  tbat  offered  by  a  uniform  column  of 
mercury  106.3  cm,  in  length  (containing  14.4521  grams)  at  0°.  It  is 
called  an  ohm. 

Electrostatic  System.  —  The  unit  of  quantity  in  the  electrostatic 
system  is,  as  stated  above,  much  smaller  than  in  the  electromagnetic 
The  real  electromagnetic  unit  of  quaTitity  is  about  3  x  10'*'  as  gi-eat 
as  the  electrostatic  unit.  But  the  electromagnetic  unit  actually  in 
use  —  the  coulomb  —  is  only  one-tenth  of  the  true  electromagnetic 
unit.  Therefore,  one  coulomb  ^  3  x  10"  electrostatic  units.  The 
electrostatic  unit  is  employed  in  measuring  charges  at  rest.  The 
unit  of  energy  ia  the  erg  instead  of  10'  ergs,  and  the  unit  of  poten- 
tial is  300  volts. 

Eleotrochemioal  Vomenolatnre.  — We  owe  to  T'araday  the  nomen- 
clature in  vogue  even  at  the  present  day.  The  conduction  of  the 
current  in  a  solution  of  an  electrolyte  is  accompanied  by  a  mechani- 
cal movement  of  the  parts  of  the  dissolved  suljstance.  These  parts 
Faraday  called  wiu)  or  wanderers.  Those  moving  in  the  direction 
of  the  positive  current  he  called  cations,  and  those  in  the  opposite 
direction  anions.  The  substances  which  conduct  the  current  by 
undergoing  decomposition  he  termed  electrolytes,  the  decomposition 
effected  by  the  current  elect rolysia.  That  portion  of  the  eoudnetora 
of  the  first  class  from  which  the  current  passes  into  the  solution  of 
the  electrolyte  he  termed  eleclrodeg.  That  electrode  toward  which 
the  cation  moves  he  called  the  cathode,  that  toward  which  the  anion 
moves  the  anode. 


which  the  anion      | 
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THE  LAW  OF  FARADAY 

Belation  between  Quantity  of  Electricity  and  Amount  of  Decom- 
position. —  The  law  of  Faraday,  to  which  reference  has  already  been 
made,  is  so  important  in  connection  with  all  electrochemical  work 
that  it  should  be  considered  more  in  detail.  Faraday  undertook  a 
careful  quantitative  study  of  electrolysis,  and  determined  the  rela- 
tion between  the  amount  of  electricity  which  passed  through  a  solu- 
tion of  an  electrolyte,  and  the  amount  of  decomposition  which  it 
effects.  He  took  into  account  the  effect  of  changing  the  size  and 
chemical  nature  of  the  electrodes,  also  the  amount  of  electrolyte 
used.  Further,  he  varied  the  amount  of  current  which  passed  in  a 
given  time.  In  all  cases  he  found  that  the  amount  of  decomposi- 
tion was  the  same  for  the  same  amount  of  current.  He  concluded 
that  the  amount  of  decomposition  effected  by  the  current  in  a  conductor 
of  the  second  class  is  proportional  to  the  amount  of  electricity  which  is 
passed  through  it. 

He  then  electrolyzed  solutions  of  salts  of  several  different  metals 
by  passing  the  same  current  through  them  in  series,  and  weighed 
the  metal  which  was  deposited  from  each  solution.  He  found  that 
the  masses  which  separated  were  proportional  to  the  combining  weiglUs 
of  the  elements. 

Where  the  ion  is  elementary,  as  in  the  case  of  a  metal,  the  com- 
bining weight  is  equal  to  the  atomic  weight  divided  by  the  valency. 
Where  the  ion  is  complex,  as  is  true  especially  of  many  anions,  the 
combining  weight  is  equal  to  the  molecular  weight  of  the  ion  divided 
by  its  valency. 

These  two  facts  lead  to  the  following  wide-reaching  generaliza- 
tion :  Tlie  amounts  of  decomposition  effected  in  all  condtictors  of  the 
second  class  by  the  passage  of  equal  quantities  of  current  are,  for  the 
same  electrolyte,  equal;  for  different  electrolytes  are  proportional  to 
the  combining  weights  of  the  ions. 

From  this,  we  see  that  chemically  equivalent  quantities  of  all 
ions  have  the  same  capacity  for  electrical  energy.  This  is  analogous 
to  the  law  of  Dulong  and  Petit,  which  says  that  all  atoms  have  the 
same  capacity  for  heat  energy. 

Testing  the  Law  of  Faraday.  —  Faraday^  concluded  from  his 
own  experiments  that  very  small  currents  can  pass  through  solutions 
of  electrolytes  without  effecting  chemical  decomposition.  The  work 
of  Shaw^  on  copper  solutions  showed  slight  deviations  from   the 

1  Exp.  Researches  (1834).  «  Brit.  Ass.  Report  (1886),  318. 
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law  of  Faraday  as  the  intensity  of  tiie  current  varied.  This  is  sup- 
posed to  be  due  to  the  solvent  action  of  the  solution  of  the  ixipper 
salt  on  the  copper  which  had  already  been  preeipitated.  A  careful 
quantitative  study  of  the  law  of  Faraday  was  made  by  Buff,'  using 
the  silver  voltameter.  The  strengths  of  current  employed  varied  as 
much  as  from  1  to  200,  yet  the  law  was  always  found  to  hold  within 
the  error  of  the  experiment. 

Ostwald  and  Nernst*  tested  the  law  of  Faraday  for  very  small 
amounts  of  electricity,  and  showed  that  when  0.000005  coulomb  is 
passed  through  a  dilute  solution  of  sulphuric  acid,  hydi-ogen  is 
liberated  at  the  cathode.  They  measured  the  amount  of  gas  set 
free  and  the  current  which  passed,  and  found  that  the  law  of  Fara- 
day held  for  such  an  infinitesimal  quantity  of  electricity. 

Some  doubt  was  thrown  a  few  years  ago  on  the  universal  appli- 
cability of  the  law  of  Faraday.  Solutions  of  electrolytes  were 
etecti'olyzed  under  high  pressure,  and  it  was  found  that  the  amount 
of  tlie  electrolyte  decomposed  was  less  than  would  correspond  to 
the  law  of  Faraday.  This  has  since  been  satisfactorily  espl^ned. 
Under  the  high  pressure  some  gas  dissolved  in  the  water  containing 
the  electrolyte.  This  was  slightly  ionized  in  the  solution,  and  helped 
to  conduct  the  current.  More  current  therefore  passed  than  corre- 
sponded to  the  amount  of  the  electrolyte  decomposed. 

Perhaps  the  most  careful  experimental  test  to  which  the  law  of 
Faraday  has  been  subjected,  and  through  which  it  has  passed  suc- 
cessfully, is  in  connection  with  the  determination  of  the  electro- 
chemical equivalent  of  the  ions. 

The  Electrochemical  Eqaivalent.  —  If  the  quantities  of  all  ions 
which  stand  to  one  another  in  the  relations  of  their  combining 
weights  carry  equal  amounts  of  electricity,  then  it  is  of  great 
scientific  and  practical  impiortance  to  know  the  exact  amount  of 
electricity  which  a  unit  quantity  of  ions  will  carry.  This  can  be 
determined  by  passing  a  given  quantity  of  electricity  through  a 
solution  of  an  electrolyte  and  weighing  the  amount  of  metal  depos- 
ited upon  the  cathode,  or  measuring  the  amount  of  gas  liberated. 
This  has  been  done  very  carefully  by  Lord  Rayleigh  and  Mrs.  Sedge- 
wick,  who  found  that  one  coulomb  of  electricity  deposits  1.11179  mg. 
of  silver.  \V.  and  F.  Kohlrausch,  working  with  equal  care,  found 
under  the  same  conditions  1.11183  mg.  The  mean  of  these  values 
is  1.11181  mg.  The  mass  of  the  ions  taken  as  the  unit  is  purely- 
arbitrary.     Here,  as  in  so  many  other  cases,  it  is  convenient  to 


>.  .^nn.  SS.  1  (1863). 


'  Zlachr.  phj/s.  Chem.  3,  120  (188S). 
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use  the  gram-molecular  weight  for  univalent,  and  gram-equivalent 
weight  for  polyvalent,  ions.  In  case  the  ion  is  elementary  and  univ- 
alent, as  with  silver,  the  gram-molecular  weight  is  identical  with 
the  gram-equivalent  weight.     The  atomic  weight  of  silver,  in  terms 

of  oxygen  =  16,  is  107.93.    In  order  to  separate  a  gram-atomic  weight 

107  93 
of  silver  it  will  require  T-r^rr^rrTrr  =  96.630  coulombs  of  electricity. 

0.0011181  ^ 

This  is  the  electrochemical  equivalent. 

A  more  recent  determination  of  the  electrochemical  equivalent 
of  silver  by  Richards,  Collins,  and  Heimrod  ^  gives  0.0011172  g.  of 
silver  as  equivalent  to  one  coulomb. 

A  still  more  recent  determination  by  Patterson  and  Guthe  *  gives 
the  slightly  larger  value  0.0011192  g.  of  silver  as  equivalent  to 
one  coulomb.  This  agrees  with  the  mean  result  obtained  by  Pellat 
and  Portier,  and  is  very  close  to  the  number  obtained  by  Kahle 
(0.0011193). 

The  Voltameter.  —  The  fact  that  a  given  amount  of  current 
always  separates  the  same  quantity  of  any  metal  from  its  salts, 
furnishes  us  with  a  simple  and  efficient  method  of  measuring  the 
amount  of  electricity  which  flows  through  any  conductor  in  a  given 
time.  From  the  above  figures  it  is  clear  that  whenever  a  current 
deposits  one  milligram  of  silver  from  a  solution  of  a  silver  salt,  0.8944 
of  a  coulomb  of  electricity  has  passed  through  the  solution.  The 
principle  of  the  voltameter  is  thus  very  simple.  Suppose  it  is 
desired  to  know  the  amount  of  electricity  which  flows  through  a 
given  conductor  in  a  given  time.  The  current  is  passed  through  a 
solution  of  some  silver  salt  —  say  the  nitrate  —  for  the  given  length 
of  time  and  the  amount  of  silver  deposited  on  the  cathode  deter- 
mined. Knowing  the  amount  of  silver  deposited,  the  calculation  of 
the  amount  of  electricity  which  has  passed  follows  at  once  from 
what  is  given  above. 

This  is  not  the  place  to  discuss  the  details  of  the  use  of  the 
silver  voltameter.  A  general  description  of  the  apparatus  should, 
however,  be  given.  The  form  which,  perhaps,  is  the  most  conven- 
ient consists  of  a  platinum  dish  about  three  inches  in  diameter, 
which  serves  as  the  cathode.  This  is  filled  to  a  convenient  depth 
with  a  15  to  20  per  cent  solution  of  silver  nitrate.  A  thick  disk  of 
silver  serves  as  the  anode.  This  is  wrapped  with  a  piece  of  fine 
linen,  or  filter  paper,  to  prevent,  particles  from  dropping  off  from 
the  anode  into  the  dish.     The  current  is  connected  directly  with  the 

1  Ztschr.  phys.  Chem.  82,  321  (1900). 
a  Phys.  Rev.  7,  267  (1898). 
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anode.  The  platinmn  dish,  serving  as  cathode,  should  rest  in-  m  ' 
wire  frame  which  touches  it  at  many  points.  After  the  experiment 
is  over,  the  solution  of  silver  nitrate  is  poured  out  of  the  dish,  and 
the  silver,  which  should  be  deposited  uniformly  and  coherentlj 
upon  the  platinum,  carefully  washed  and  dried.  The  dish,  which 
was  weighed  before  the  experiment  began,  is  now  reweighed.  The 
gain  in  weight  is  the  weight  of  the  silver  which  has  been  deposited 
upon  its  surface. 

Theoretically  the  salt  of  any  metal  which  is  deposited  as  such 
by  the  current  might  be  used  to  measure  the  amount  of  the  current 
But  practical  difficulties  come  into  play  in  many  cases,  so  that  only 
a  few  metals  are  well  adapted  to  this  purpose.  Some  of  these 
diffujulties  may  be  indicated  by  stating  tliat  many  metals  ^o  not 
separate  uniformly  upon  the  surface  of  the  cathode  and  do  not 
adhere  firmly  to  it.  In  these  cases  it  is  difficult  and  often  impos- 
sible  to  wash  and  weigh  the  deposit.  Other  metals  easily  undergo 
oxidation  during  deposition,  or  when  exfiosed  to  the  air  in  a  finely 
divided  state  in  washing  and  drying  them.  The  metal  best  adapted 
to  the  uses  of  the  voltameter  is  silver,  and  next  to  silver  comes 
copper, 

In  addition  to  the  metal  voltameters,  there  is  another  form  which 
depends  for  its  utility  upon  the  amount  of  gas  set  free  when  the 
current  is  passed  through  a  dilute  solution  of  sulphuric  acid.  In 
this  form,  which  is  called  the  gas  vollaineter,  the  gases  are  collected, 
reduced  to  standard  conditions  of  temperature,  pressure,  and  dry- 
ness, and  then  measured,  A  comparatively  large  volume  of  gaa  is 
liberated  by  a  small  amount  of  current.  Thus,  one  gram  of  hydro- 
gen ions  carries  9G.530  coulombs.  One  gram  of  hydrogen  gas  has  a 
volume  of  11,188  c.c.  Since  it  is  possible  to  measure  a  small  part  of 
a  cubic  centimetre  of  gas,  it  is  possible  to  measure  a  very  small  quan- 
tity of  electricity  by  means  of  the  gas  voltameter.  ^^^ 


THE  MIGRATION   VELOCITIES  OF  IONS  ^^M 

EleotroIyUB.  —  The  phenomenon  of  electrolysis  shows  that  when 
a  current  is  passed  through  a  solution  of  an  electrolyte,  there  is 
a  mpclianical  movement  of  the  ions  of  the  electrolyte  toward  the 
electrodes.  It  becomes,  then,  a  matter  of  interest  and  importance 
to  determine  the  relative  velocities  with  which  the  ions  move,  and 
also  their  absolute  velocities  under  given  conditions. 

If  we  pass  a  current  through  a  solution  of  copper  sulphate,  using 
copper  electrodes,  there  will  be  a  deposition  of  copper  at  the  cathode. 
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and  exactly  an  equal  amount  of  copper  will  pass  into  solution  from 
the  anode.  The  total  amount  of  copper  in  solution  will  remain  con- 
stant, but  the  color  in  the  neighborhood  of  the  anode  will  become 
deeper,  while  in  the  neighborhood  of  the  cathode  it  gradually  be- 
comes less  intense.  The  solution  becomes  more  concentrated  in 
copper  around  the  anode  and  less  concentrated  around  the  cathode. 
If  in  this  experiment  platinum  electrodes  are  employed,  copper 
would  separate  at  the  cathode ;  but  since  there  is  no  metallic  copper 
present  to  pass  into  solution, 
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the  amount  in  solution  would 
become  constantly  less.  In 
this  case  the  color  would  dis- 
appear  more  rapidly  around 
the  cathode. 

Hittorf  8  Theory.— Hittorf* 
explained  these  facts  as  due  to 
the  ions  moving  with  different 
velocities  through  the  solution 
— either  the  cation  or  the 
anion  might  have  the  greater 
velocity.  That  such  an  ex- 
planation can  account  for  the 
facts,  can  be  clearly  seen  from 
Fig.  38,  which  we  owe  in  prin- 
ciple to  Ostwald.*  A  repre- 
sents the  condition  in  the 
solution  of  the  electrolyte 
before  any  current  is  passed. 
The  white  circles  represent 
the  anions,  and  the  lined  circles 
the  cations.  For  each  anion 
present  in  the  solution  there 

is  a  corresponding  cation;  and  neither  anions  nor  cations  have 
separated  at  the  electrodes.  Let  us  take  a  case  where  the  velocity 
of  the  anion  differs  greatly  from  that  of  the  cation,  and  for  the  sake 
of  simplicity  let  us  say  that  the  velocity  of  the  anion  is  tvoice,  that  of 
the  cation.  Let  the  current  pass  through  the  solution  until  three 
molecules  have  been  electrolyzed,  when  the  condition  represented 

1  Fogg.  Ann.  89,  177  ;  98,  1 ;  108,  1 ;  106,  337,  518  (1863-1869).    Uber  die 
Wanderungen  der  lonen,  (hiwoX^i  Klassiker,  21,  22. 
s  Lehrb.  cL  Allg.  Chem.  II,  696. 
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in  B  will  exist.  Three  anions  will  have  separated  at  the  anode, 
and  three  cations  at  the  cathode.  But  the  solution  of  undecoBiposed 
electrolyte  will  have  become  relatively  more  concentrated  on  the 
anode  side  of  the  middle  layer,  marked  to.  Ot  the  three  molecules 
which  have  been  decomposed  and  separated  from  the  solution,  two 
have  come  from  the  cathode  side  of  the  middle  layer  m,  and  one 
from  the  anode  side,  as  is  seen  in  C,  which  represents  the  solution 
after  the  electrolysis.  If  we  divide  the  loss  around  the  cathode  by 
the  total  number  of  molecules  electrolyzed,  we  shall  obtain  the 
value  g.  If,  on  the  other  hand,  we  divide  the  loss  around  the  anode 
by  the  total  number  of  molecules  decomposed,  the  result  is  ^ 
Tliese  two  values  bear  the  same  relation  to  one  another  as  the 
velocities  of  the  anion  and  cation.  From  this  we  may  draw  two 
general  concluaiona :  First,  to  find  the  relative  velocity  of  the  cation, 
divide  the  loss  around  the  anode  by  the  total  amount  of  electrolyte 
decomposed.  Second,  to  find  the  relative  velocity  of  the  anion, 
divide  the  loss  around  the  cathode  by  the  total  amount  of  the 
electrolyte  decomposed. 

There  are,  then,  three  quantities  which  can  be  determined  experi- 
mentally: the  change  in  concentration  around  the  cathode,  the 
change  in  concentration  around  the  anode,  and  the  total  amount  of 
the  electrolyte  decomposed.  It  is  necessary  to  determine  only  two 
of  these,  since  the  third  is  given  by  the  sum  or  difference.  The  two 
which  are  chosen  depend  upon  the  ea.se  and  accuracy  involved  in 
making  the  measurements. 

Since  the  total  amount  of  electrolyte  decomposed  is  proportional 
to  the  amount  of  current  which  is  passed  through  the  solution,  it  is 
only  necessary  to  measure  the  latter  in  order  to  know  the  former. 
Tliis  can  be  done  conveniently  by  inserting  a  silver  voltameter  into 
the  circuit,  and  weighing  the  amount  of  silver  deposited.  This  is 
one  of  the  quantities  usually  determined  in  carrying  out  such 
measuremeiita. 

Experimental  Hethods  for  Determining  the  Eelative  Velocities  of 
Ions,  —  In  determining  the  relative  velocities  ot  any  given  anion  and 
cation,  it  is  necessary  to  effect  the  electrolysis  of  a  solution  contain- 
ing these  ions,  using  as  the  electrodes  the  same  metal  as  the  cation. 
After  the  electrolysis  has  proceeded  far  enough  to  produce  a  det«i> 
luiliable  difference  in  concentration  around  the  electrodes,  and  at 
the  same  time  to  leave  a  middle  layer  of  unaltered  concentratioD, 
the  solution  must  be  separated  into  two  parts  through  the  unaltered 
layer,  and  the  change  in  concentration  around  one  or  both  electrodes 
ascertained  by  analysis.     The  apparatus  in  which  such  determina^ 


ELECTROCHEMISTRY 


329 


tions  are  carried  out  must  be  so  constructed  that  the  effect  of  diffu- 
sion, which  would  tend  to  mix  the  solutions  of  different  concentra- 
tions arouud  the  electrodes,  is  reduced  to  a  minimum. 

Several  forms  of  apparatus  have  been  devised  for  determining 
the  relative  velocities  of  ions.  Indeed,  Hittorf,^  in  his  own  classical 
work  upon  this  problem,  devised  a  number  of  forms.  In  principle, 
however,  they  all  closely  resemble  one  another,  and  consist  of  a 
vertical  tube  divided  into  a  number  of  compartments  by  means  of 
horizontal  diaphragms.  Into  the  upper  portion  the  cathode  is  in- 
serted, into  the  lower  the  anode,  around  which  the  solution  becomes 
more  and  more  concentrated.  After  the  electrolysis  has  been  carried 
as  far  as  desired,  the  solutions  around  the  electrodes  were  removed 
and  analyzed,  and  the  changes  in  concentration  thus  determined. 
The  membranes  used  in  the  forms  of  apparatus  devised  by  Hittorf 
are  objectionable,  since  they  are  liable  to  be  acted  upon  by  the 
electrolyte  and  produce  indeterminable  errors  in  the  results.  The 
more  improved  forms  of  apparatus  for  determining  relative  velocities 
avoid  this  source  of  error  by  doing  away  entirely  with  all  membranes. 
The  form  devised  and  used  by  Loeh  and 
Nemst^  is  essentially  a  Gay-Lussac  burette. 
The  electrode  around  which  the  solution  will 
become  more  concentrated  (usually  the  anode) 
is  placed  below.  The  electrolysis  is  carried 
on  until  there  is  considerable  change  in  con- 
centration around  the  electrodes,  but  it  must 
be  interrupted  while  there  is  still  a  middle 
layer  of  unaltered  solution. 

In  carrying  out  a  determination  with  this 
apparatus  the  corks  and  electrodes  were 
placed  in  position  and  the  whole  weighed. 
The  solution  was  then  introduced  through  (7, 
by  closing  A  and  evacuating  B  with  the 
mouth.  The  apparatus  is  so  constructed  as 
to  hold  from  40  to  60  c.c.  of  solution.  The 
openings  at  C  and  B  are  then  closed,  the 
whole  apparatus  placed  in  a  thermostat  and 
the  current  passed.     After  the  electrolysis  is 

ended,  C  is  opened,  and  portions  of  the  solution  blown  out,  weighed, 
and  analyzed.    That  part  of  the  solution  remaining  in  the  apparatus 


Fio.  39. 


1  Osttoald's  Klassiker,  21,  22. 

«  Ztschr.  phys.  Chem.  2,  W8  (1888). 
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can  be  determined  at  any  time  bj  the  gain  in  weight  of  the  appi^ 
ratiis.  The  portion  tirat  removed  contains  the  heavier,  more  concen- 
trated solution  around  the  anode ;  the  second,  the  unaltered  middle 
layer;  and  the  third,  the  more  dilute  solution  around  the  cathode. 

This  method  ia  scarcely  capable  of  any  very  high  degree  of  accu- 
racy. If  it  even  overcomes  satisfactorily  the  effect  of  diffusion,  it 
ia  still  open  to  a  serious  objection.  After  the  electrolysis  is  ended 
there  ia  no  means  by  which  the  solutions  of  different  concentrations 
can  be  completely  separated  from  one  another,  removed,  and  ana- 
lyzed. The  method  of  blowing  out  the  solution  around  the  anode, 
together  with  enough  of  the  unaltered  middle  layer  to  wash  out  the 
heavier  solution,  is  not  in  keeping  with  the  most  refined  work. 
From  some  work  which  has  been  carried  out  on  this  problem  in  this 
university,  it  seems  better  to  measure  the  amount  of  current  directly 
by  means  of  a  voltameter,  than  by  any  indirect  method  such  as  that 
employed  by  Loeb  and  Nernst. 

The  methods  of  Kiatiakowaky  ^  and  of  Bein'  are  the  same  in  prin- 
ciple as  that'just  described.  The  burettes  are  given  different  forms 
in  the  two  cases,  and  also  differ  in  form  from  the  burette  in  the 
method  just  described.  The  same  objection  offered  to  the  method 
of  Loeb  and  Nernst  applies  here.  There  ia  no  means  of  completely 
separating  the  two  parts  of  the  solution  after  the  electrolysis  is 
brought  to  an  end.  Quite  recently  Bein*  haa  carried  out  an  elabo- 
rate investigation  on  the  velocities  of  ions,  which,  on  the  whole, 
probably  contains  some  of  the  beat  results  thus  far  aecured,  A 
large  number  of  forma  of  apparatus  are  described,  and  much  care 
and  ingenuity  are  displayed  in  meeting  special  conditions.  The 
means  of  separating  the  solutions,  however,  after  the  electrolysis  is 
ended,  could  be  improved. 

A  form  of  apparatus  was  recently  devised  in  this  university  hy 
Mather*  at  the  suggestion  of  the  writer,  which  ia  free  from  some  of 
the  objections  which  can  be  urged  against  other  forms.  The  form 
which  was  constructed  and  used  successfully  in  a  few  cases  is  rep- 
resented in  Fig.  40.  The  following  description  of  the  apparatus  ia 
taken  from  'Mather's  dissertation:  "The  two  limbs,  A  and  B,  are 
about  18  cm.  in  length  and  2  cm.  in  diameter,  and  are  then  con- 
tracted above  for  an  additional  length  of  6  cm.  to  a  diameter  of 
0,5  cm.;    the    reduced  portions  being   graduated   in  millimetres. 


1  Ztirhr,  phi/ii,  Ohrm.  6,  07  (1900). 
'  ZUehr.  phr/g.  Cliem.  3T,  1  (1898),  31 
♦  DlntTtttion  Johna  Il-pkins  UnlveraUn  (1897). 
(1801). 


Wied,  Ann.  M.  29  (1802). 
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These  limbs  are  connected  near  the  upper  end  of  the  large  parts  by 
a  U-tube  about  0.5  cm.  in  diameter,  the  bottom  of  which  is  some 
2  cm.  above  the  level  of  the  lower 
ends  of  the  limbs.  At  the  centre 
of  the  tube  is  a  stopcock,  S,  of 
large  bore.  The  lower  ends  of 
the  limbs  are  closed  by  glass 
stoppers  (G  and  H),  through 
which  holes  were  bored  for  the 
insertion  of  the  electrodes.  In 
order  to  level  the  apparatus, 
and  also  to  secure  the  same  in 
the  bath,  the  apparatus  was 
cemented  into  a  brass  frame, 
which,  by  means  of  a  clamp- 
screw,  can  be  fastened  to  an  up- 
right rod  upon  the  table  or  in 
the  thermostat  bath.  The  elec- 
tric current,  which  was  supplied 
by  storage  cells,  was  measured  by 
means*of  two  silver  voltameters." 

The  apparatus  was  carefully 
calibrated  before  and  after  each 

experiment.  The  solution  was  introduced  to  a  certain  height  in  both 
arms,  the  apparatus  being  supported  on  a  levelling  stand.  The  appar 
ratus  and  contents  were  placed  in  a  constant  temperature  bath,  and 
the  current  passed  as  long  as  desired.  The  stopcock  was  turned, 
and  the  solutions  drawn  out  of  both  arms  and  analyzed  —  the 
changes  in  concentration  being  thus  determined. 

The  great  advantage  of  this  apparatus  over  other  forms  is  that 
after  the  electrolysis  has  been  brought  to  an  end  the  solutions  qa 
the  two  sides  can  be  separated  and  washed  out  completely  from  the 
apparatus.  In  accurate  work  this  is,  of  course,  a  matter  of  fun- 
damental importance,  and  appears  not  to  have  been  sufl&ciently 
regarded  in  much  of  the  work  which  has  already  been  done  on  the 
relative  velocities  of  ions.  Reference'  only  can  be  given  to  other 
recent  investigations  on  the  velocities  of  ions. 

1  K.  Hopfgartner  :  Ztschr.phys.  Chem,  25, 116  (1898).  G.  Kummel:  WiecL 
Ann.  64,  656  (1898).  V.  Gordon:  Ztschr.  phys,  Chem.  28,  469  (1897).  0. 
Masson  :  Ibid.  29,  601  (1899)  ;  Phil.  Trans.  192,  A,  331.  F.  Kohlrausch  :  Wied. 
Ann.  66,  786  (1899).  A.  A.  Noyes :  Ztsehr.  phys.  Chem.  86,  61  (1901).  B.  D. 
Steele,  Joum.  Chem.  Soc.  79,  414  (1901). 
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Causes  which  may  affect  the  EelatiTe  Velocities  of  Ions.  —  It 

does  not  follow  that  the  relative  velocitiea  of  two  ions  obtain^ 
under  one  Bet  of  conditions  is  the  same  as  the  relative  velocities 
under  other  conditions.  This  could  be  determined  only  by  experi- 
ment. The  effect  of  changing  several  of  the  conditions  was  studied 
by  Hittorf.'  He  studied  first  the  effect  of  chon^ng  the  strength  of 
the  cnrreiit.  The  currents  in  three  determinations  were  of  very  dif- 
ferent strengths. 

The  first  precipitated  0.0042  g.  silver  in  a  minute. 

The  second  precipitated  0.00113  g.  silver  in  a  minute. 

The  third  precipitated  0.00958  g.  silver  in  a  minute. 

The  substance  used  was  copper  sulphate,  and  the  relative  veloci- 
tiea of  copper  and  SOj  were  determined  in  the  three  cases,  using  the 
same  concentration  of  the  salt.  The  migration  velocities  of  the 
copper  in  the  three  cases  were  0.285,  0.291,  and  0.289.  From  these 
results  Hittorf  concluded  that  the  relative  velocities  are  indepen- 
dent of  the  strength  of  current.  This  statement  of  Hittorf  applies,  . 
of  course,  only  to  relative  velocities.  The  absolute  velocity  with 
which  the  ions  move  is  directly  dependent  upon  the  strength  or 
driving  power  of  the  current. 

The  second  question,  says  Hittorf,'  which  we  must  settle,  has 
to  do  with  the  effect  of  concentration  on  migration  velocity.  Six 
solutions  of  copper  sulphate  of  very  different  concentrations  were 
subjected  to  electrolysis.  Hittorf  expresses  the  concentrations  in 
terms  of  one  part  of  oopi>er  sulphate  to  so  many  parts  of  water. 


Pt»t»  W*m«  to  Onu 

Mill 

jiTiojr  Vnwcin  a* 

Px„  Copr«  S«Lr«.T. 

C«r™ 

Ist  solution      .... 

6.36 

B 

2nd  solution    .... 

9.60 

o.2se       H 

Sr<l  Bolutinn     .... 

18,08 

0.326           ■ 

4thBolutloii     .... 

3S.07 

0.35S           ■ 

6th  solution    .... 

76,88 

0.341)           H 

ethwIuUoii    .... 

148.30 

0.302            ■ 

The  migration  velocity  of  the  copper  with  respect  to  the  80« 
Increases  as  the  dilution  increases,  until  a  certain  dilution  is  reached. 
Iteyond  this  it  remains  practically  constant.     It,  however,  does  not 
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follow  from  this  that  the  velocity  of  the  cation  with  respect  to  the 
anion  always  increases  ivrith  increase  in  dilution.  This  is  shown 
by  the  work  of  Hittorf  ^  on  solutions  of  silver  nitrate. 


Pabts  Watsb  to  Onb 
Pabt  Silvkb  Nitbatb 

MiGBATION  VbLOOITT  OP  SlLYBB 

2.48 

6.18 

14.60 

49.44 

247.30 

0.632 
0.606 
0.476 
0.474 
0.476 

The  velocity  of  the  silver  ion  decreases  as  the  dilution  increases 
up  to  a  certain  limit,  beyond  which  it  remains  constant. 

It  is  possible  that  the  explanation  of  such  facts  is  to  be  found 
in  the  more  complex  ions  which  may  exist  in  the  more  concentrated 
solutions.  These  may  break  down  into  simpler  ions  as  the  dilution 
increases.  In  measuring  the  relative  velocities  it  is,  therefore, 
necessary  to  work  at  dilutions  so  great  that  when  the  dilution  is 
further  increased  the  relative  velocities  remain  unchanged. 

There  is  a  third  condition  according  to  Hittorf,*  which  may 
affect  the  migration,  i.e.  the  effect  of  temperature.  He  concluded 
from  his  work  on  solutions  of  copper  sulphate  that  between  4^  and 
21°  the  temperature  coeflBcient  was  zero. 

The  work  of  Loeb  and  Nernst'  on  a  few  silver  salts  between 
0°  and  25°  indicated  that  with  rise  in  temperature  all  ions  tend 
to  move  with  the  same  velocity,  which  is  0.5.  This  point  was  in- 
vestigated much  more  fully  by  Bein.*  A  few  of  his  results  for  the 
anions  will  show  that  this  conclusion  is  probably  true. 


20° 

76° 

96° 

Sodium  chloride 
Calcium  chloride 
Cadmium  iodide 
Silver  nitrate    . 

0.608 
0.602 
0.640 
0.470  10° 

0.600 

0.661 
0.640 

0.490  90** 

1  OstwaldTs  Klassiker,  21,  22. 

3  Pogg.  Ann.  89,  177  (1863).     OstwaltTs  Klasiiker^  SI,  21. 

*  Ztschr,  phys.  Chem.  8,  962  (1888). 

«  Wied.  Ann,  46,  29  (1892). 
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Higration  Yelocitiei  a  Periodic  Fanctton  of  Atomic  Weighti.  — 

Bredig'  pointed  out  that  it  had  already  been  recognized  tliat  the 
migration  velocities  of  elementary  cations  are  a  function,  and  a 
periodic  function,  of  the  atomic  weighta.  Ostwald  had  already 
shown  that  this  was  true  for  elementary  ions  which  consist  of  only 
one  atom  or  element.     Take  the  following  anions  and  eationa  :  — 


T.i*o™. 

V.HK,m 

T««-,TT 

Fl 

.       60.8 

LI 

.         .      39.8 

IMg      . 

.      58 

CI 

.       70.2 

Ha, 

.      49.2 

iCa     . 

.       03 

Br 

.       73.0 

K         . 

.       70.0 

.       63 

I  . 

.        .       72.0 

Rb      . 

Ca       . 

.         .       73.5 
.         .       73.6 

IBa     . 

.       U 

iCu     . 

.         .          fiS 

Ag      . 

.       69.1 

JAl       . 

.       13 

IZu     . 

64 

TI 

.     ae.& 

iCt      . 

01 

iCd     . 

65 

These  relative  velocities  are  plotted  in  a  curve  (Fig.  41)-  The 
ordinates  represent  velocities,  and  the  abscissas  atomic  weights.  A 
glance  at  the  curve  brings  out  the  periodic  nature  of  the  veloci- 


ties in  terms  of  atomic  weights.  At,  or  very  near  the  maxima 
of  the  curve  we  find  the  halogens.  Here  also  we  find  the  alkali 
metals.     At  the  estreme  minima  we  find  aluminium  and  chromium._ 

i Ztsikr.  phys.  Chem.  IS,  212  (18M). 
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At  breaks  on  the  descending  arms  of  the  curve  we  find  the  mem- 
bers of  the  calcium  group.  Zinc  and  cadmiimi  also  occur  near  the 
minima.  The  significance  of  this  periodic  recurrence  of  velocities 
with  respect  to  atomic  weights  is  at  present  not  known.  Yet  it 
is  certainly  an  interesting  fact,  and  another  example  of  that 
periodicity  among  the  properties  of  the  elements  which  appears  in 
so  many  directions. 

The  Absolnte  Velocities  of  Ions.  —  The  methods  hitherto  considered 
give  only  the  relative  velocities  with  which  the  ions  move.  To  deter- 
mine the  absolute  velocities  some  other  method  must  be  employed. 
Two  general  methods  have  been  employed  for  determining  the  abso- 
lute velocities  with  which  ions 
move.  The  one  is  direct  and 
measures  at  once  the  absolute 
velocities.  This  will  be  taken  up 
here  (Fig.  42). 

There  is  also  an  indirect 
method  of  determining  absolute 
velocities,  involving  the  conduc- 
tivity of  solutions  and  the  relative 
velocities.  This  will  be  taken  up 
later  under  conductivity. 

The  Method  of  Lodge  ^  for  determining  the  absolute  velocities  of 
ions  is  the  following :  A  glass  tube  t,  40  cm.  long  and  8  cm.  wide,  is 
graduated  and  bent  at  right  angles  near  the  ends.  This  is  filled 
with  an  aqueous  solution  of  gelatine,  to  which  some  sodium  chloride 
had  been  added.  The  contents  of  the  tube  are  colored  red  by 
phenolphthalei'n  to  which  just  a  trace  of  alkali  had  been  added  to 
bring  out  the  red  color.  One  end  of  this  tube  passes  into  the  larger 
vessel  A  (Fig.  42). 

A  piece  of  platinum  foil  is  introduced  into  the  vessel  A  and  con- 
nected with  a  platinum  wire  so  as  to  serve  as  an  electrode.  The  other 
end  of  the  tube  t  dips  into  a  vessel  B,  into  which  an  electrode  is 
introduced  as  shown  in  the  figure. 

For  the  sake  of  simplicity  and  clearness  let  us  suppose  that  both 
vessels  A  and  B  are  filled  with  dilute  sulphuric  acid.  A  current 
is  then  passed  from  one  electrode  to  the  other  through  the  tube  t. 
The  hydrogen  ions  move  with  the  current  from  the  vessel  C  into  the 
tube  t.  They  displace  the  sodium  from  the  sodium  chloride  and 
from   hydrochloric  acid,  which  decolorizes   the    phenolphthalelfn. 


Fzo.  42. 


1  BrU.  Ass.  Beport,  1886,  p.  398.    Also  1887,  880. 
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After  a  given  time  the  space  in  (  over  which  the  decolorization  has 
ex  tended  is  measured. 

In  making  such  measurements  it  Is  necessary  to  know  the  differ- 
ence in  potential  at  the  two  ends  of  the  tube,  or,  as  it  is  called,  the 
drop  in  potential  along  the  tube.  A  potential  gradient  of  a  volt  a 
centimetre  is  taken  as  the  unit.  Knowing  the  drop  in  potential 
along  the  tube,  the  time  during  which  the  experiment  has  tasted, 
and  the  length  of  the  tube  in  which  the  solution  is  decolorized,  we 
have  all  the  data  necessary  for  caleidating  the  absolute  velocity  of 
ions.  For  unit  gradient,  i.e.  a  drop  in  potential  of  one  volt  a  centi- 
metre, Lodge  found  the  following  velocity  for  hydrogen,  which  is 
the  swiftest  of  all  ions.  0.0026  cm.  per  second  is  the  mean  of  three 
values  which  were  found.  These  are  0.0029,  0.0026,  and  0.0024 
cm.  per  second.  It  will  thus  be  seen  that  the  absolute  velocities  of 
ions  is  very  small  indeed  when 
subjected  to  a  unit  drop  in 
potential. 

The  results  obtained  by  the 
indirect  method  aJready  re- 
ferred to  will  be  compared  a 
little  later  with  those  given 
by  this  direct  method.  The 
absolute  velocities  of  a  number 
g  of  other  ions,  obtained  by  the 
indirect  method,  will  also  be 
given  in  the  proper  place. 

77ie  Melhod  of  Wketkaia* 
for  measuring  the  absolute  ve- 
locities of  ions  differs  some- 
what from  that  of  Lodge.  The 
apparatus  used  is  seen  in  Fig. 
43.  Into  each  arm  an  electrode 
is  inserted  as  seen  in  the 
figure. 

Let  us  take  two  chlorides, 
the  one  colored  and  the  other 
colorless,  say  copper  and  ammonium  chlorides.  The  denser  solution 
ia  introduced  into  the  longer  arm,  and  then  the  lighter  solution  is 
carefully  poured  into  the  shorter  arm. 

The  current  is  now  passed  through  the  two  solutions  from  the 


1  Fkii.  Trara.  1893,  A.  337. 
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ammonium  to  the  copper  chloride.  The  cupric  chloride  is  colored, 
due  to  the  presence  of  copper  ions.  These,  like  the  ammonium  ions, 
move  with  the  current;  and  consequently  the  bounding  layer  be- 
tween the  colorless  and  colored  compound  will  move  with  the  cur- 
rent.' By  noting  the  time  of  the  experiment,  the  distance  travelled 
by  the  bounding  layer,  and  the  potential  gradient,  Whetham  could 
calculate  the  velocity  of  the  copper  ion. 

The  velocities  of  the  copper  ion  and  of  the  ion  CrjO;,  obtained 
by  Whetham,  agree  with  those  found  by  the  indirect  method  to  be 
considered  hereafter. 

THE  CONDUCTIVITY  OF  SOLUTIONS  OF  ELECTROLYTES 

Condnctivity. — The  conductivity  of  a  substance  is  its  power  to 
carry  the  current.  The  conductivity  of  a  conductor  is  the  reciprocal 
of  its  resistance.  The  following  relation  between  the  resistance  r, 
the  current  c,  and  the  electromotive  force  w  is  expressed  in  Ohm's 
law:  — 

IT 

r  =  -- 
c 

The  electromotive  force  w  is  the  difference  in  the  potential  of  the 
two  ends  of  the  conductor  carrying  the  current  The  reciprocal  of 
the  resistance,  or  the  conductivity  C,  is,  therefore,  — 

Two  units  of  resistance  have  been  employed.  The  one  most  com- 
monly used  is  that  of  a  column  of  mercury  106.3  cm.  in  length  and 
1  sq.  mm.  in  cross-section.  The  Siemens  unit  is  that  offered  by 
a  column  of  mercury  100  cm.  long  and  1  sq.  mm.  in  cross-section. 

Specific  Condnctivity.  —  The  resistance  offered  by  conductors  de- 
pends upon  two  things,  their  nature  and  their  form.  To  compare 
the  resistances  of  different  substances  we  must  use  forms  which  are 
comparable.  There  are  two  forms  which  have  been  used :  that  of  a 
cube  whose  edge  is  1  cm.  long,  and  that  of  a  cylinder  1  m.  in  length 
and  1  sq.  mm.  in  cross-section.  It  is  obvious  that  the  resistance  of 
the  latter  form  is  ten  thousand  times  the  former.  When  the  resist- 
ance of  such  forms  of  substances  is  measured  in  ohms,  it  is  known  as 
the  specific  resistance.  The  specific  conductivity  is  the  reciprocal  of  the 
specific  resistance. 

These  terms  can  be  also  applied  to  conductors  of  the  second  class. 
Such  conductors  are  mainly  solutions  of  some  electrolyte  in  some  dis- 
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Gociattng*  solvent,  and  we  muBt  deaJ  with  comparable  quantitiea  of 
dissolved  substances.  In  this  case,  aa  in  so  many  others,  we  use 
gram -molecular  weights  of  the  different  electrolytes. 

Holecnlftr  Conductivity.  —  Place  a  litre  of  a  normal  solution  of 
an  electrolyte  between  two  electrodes  which  are  1  cm.  apart.  Since 
the  section  of  thia  solution  is  lUOO  sq.  cm.,  the  conductivity  of  thia 
solution  will  be  1000  times  that  of  a  cube  of  the  same  solution  whose 
edge  ia  equal  to  the  distance  between  the  plates.  Let  n  be  the  num- 
ber of  cubic  centimetres  of  a  solution  containing  a  gram-molecular 
weight  of  the  electrolyte,  and  s  the  specific  conductivity  of  the  cube 
of  the  solution,  then  the  molecular  conductivity,  which  we  will  rep- 
resent by  fi.,  is  expressed  thus :  — 


If,  on  the  othex  hand,  we  represent  the  specific  conductivity  of  a  cyl- 
inder of  the  solution  1  aq.  mm.  in  cross-section  and  1  m.  in  length  by 
s,  this  will  have  Yshni  °^  •'^^  conductivity  of  the  cube  above  de- 
scribed. The  molecular  conductivity  j*  would  then  be  calculated 
thus :  — 

^  =  10,000  jia. 

Since  in  the  case  of  a  normal  solution  w  =  1000, 
11.  =  a  X  10,000  X  1000 
=  BX  10'. 

The  molecular  conductivity,  then,  is  equal  to  the  specific  conductivity 
referred  to  the  cylinder  unit,  multiplied  by  10^ 

Method  of  Heasnrii^  the  Condnctivity  of  SolntionB.  —  A  number 
of  methods  have  been  devised  for  measuring  the  conducting  power 
of  aolutions.  The  earlier  methods  attempted  to  measure  conductiv- 
ity by  means  of  a  continuous  current.  But  when  such  a  current  is 
passed  through  a  solution,  the  electrodes  become  quickly  polarized. 
This  would  increase  the  resistance  of  the  solution,  and  seriously 
affect  the  result  obtained.  A  number  of  attempts  have  been  made  to 
do  away  with  the  effect  of  polarization.  Thus,  Guthrie  and  Boyea 
abandoned  the  electrodes  entirely,  making  use  of  induction  currents 
in  the  solution.  Others  have  iised  as  the  electrodes  the  same  metal 
aa  the  cation  of  the  electrolyte.  The  chemical  nature  of  the  elec- 
trode would,  then,  not  be  changed  when  the  current  is  passed.  All 
of  these  methods  have,  however,  given  place  to  one  which  was  de- 
vised by  F,  Kolilrausch,'  in  which  an  alternating  current  is  used. 

■  Wled.  Ann.  S.U&(IS19);  11.  663  (1680);  W,  161  (1B86),  Pogg.  Ann.lM, 
280  (186»)  ;  ISl,  378  (1874;  ;  IH,  1  (1875)  ;  1»,  233  (1870). 
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The  nse  of  the  alternating  current  makes  us  practically  independent 
of  the  effect  of  polarization.  A  galvanometer  cannot  be  used  with  an 
alternating  current.  A  dynamometer  may  be  used,  but  is  less  con- 
venient and  far  more  expensive  than  the  ordinary  telephone  receiver, 
which  answers  every  purpose. 

In  the  Kohlrausch  method,  then,  an  alternating  current  is  passed 
between  platinum  electrodes,  through  the  solution  whose  conductiv- 
ity it  is  desired  to  study.  The  resistance  of  the  solution  is  balanced 
against  a  rheostat  on  a  Wheatstone  bridge,  the  point  of  equilibrium 
being  determined  by  means  of  a  telephone. 

The  apparatus  used  in  the  method  of  Kohlrausch  is  sketched  in 
Fig.  44.    TTis  a  rheostat  or  set  of  resistance  coils.   The  metre  stick 


AB  is  divided  into  millimetres,  and  over  this  is  stretched  a  manga* 
nine  wire  (manganine  being  an  alloy  of  German  silver  and  manga- 
nese). «/  is  a  small  induction  coil  which  furnishes  the  alternating 
current,  i?  is  a  glass  cup  which  contains  the  solution  whose  resist- 
ance is  to  be  measured.  The  electrodes  are  cut  from  thick  sheet 
platinum,  and  a  piece  of  platinum  wire  is  welded  into  the  centre  of 
each  plate.  This  wire  is  then  sealed  into  a  glass  tube,  which  is  filled 
with  mercury  to  make  electrical  contact  with  a  copper  wire  intro- 
duced into  the  mercury.  The  telephone  is  connected  between  the 
rheostat  and  resistance  vessel,  and  also  with  the  bridge  wire  by 
means  of  a  slider.  The  point  of  equilibrium  is  ascertained  by  mov- 
ing the  slider  along  the  wire  until  the  sound  of  the  coil  is  no  longer 
audible  in  the  telephone.  Let  this  be  a  point  C,  Let  us  call  the 
distance  AC,  a,  BC,  h,  the  resistance  in  the  box  r,  and  the  resistance 
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in  the  vessel  r,.     From  the  principle  of  the  Wheatstone  bridge  v 
would  have  — 


Since  conductivity  c  ia  the  reciprocal  of  the  resiatance  Vi  — 


rb 

This  expression  does  not  take  into  account  the  concentration  of 
the  solution.  In  practice  it  ia  beat  to  express  concentrations  in 
terms  of  gram-molecular  weights  of  the  electi'olytes  in  a  litre  (gram- 
molecular  normal).  Aa  we  have  seen,  the  number  of  litres  of  the 
solution  containing  a  gram-molecular  weight  of  the  electrolyte  may 
be  represented  by  n,  when  the  above  expression  becomes  — 


By  introducing  n  into  the  above  expression,  we  pass  from  specific 
to  molecular  conductivities,  and  we  express  the  molecular  conduc- 
tivity by  the  letter  fi..  In  order  to  indicate  the  concentration  n 
whii-h  fi  applies,  we  write  for  the  molecular  conductivity  n^  — 


This  expression  takes  into  account  all  of  the  factors  except  the 
cell  constant  k,  which  depends  upon  the  size  of  the  electrodes  which 
we  are  using,  and  their  distance  apart.  Introducing  the  constant, 
we  have  — 

rb 

Slaking  a  Conductivity  Hoasurement.  —  If  we  examine  the  above 

equation,  we  shall  find  that  there  are  two  unknown  quantities,  /i,  and 
k.  The  first  step  in  applying  the  Kohlrauach  method  is,  then,  to 
determine  the  value  of  one  of  these  unknown  quantities,  and,  in 
fact,  the  value  of  the  cell  constant  k.  In  order  to  determine  k,  some 
solution  must  be  used  whose  value  of  ^  is  known.  The  concentra- 
tion n  must  be  known,  and  a,  b,  and  vj,  ascertained.  The  solution 
most  commonly  employed  is  a  — -^ —  solution  of  potassium  chloride. 
At  25*  the  conductivity  of  this  solution,  or  the  value  of  /i,u  =  129.7. 
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This  solutioD  is  poured  into  the  cell  until  both  electrodes  are 
covered.  The  cell  is  then  placed  in  the  thermostat,  and  the  solution 
warmed  to  25°.  The  readings  are  then  made  on  the  bridge,  and  the 
value  of  k  calculated.  The  value  of  k  having  been  determined,  the 
cell  is  ready  for  conductivity  measurements. 

Before  the  constant  of  the  cell  is  determined,  it  is  necessary  to 
cover  the  electrodes  with  platinum  black  in  order  to  secure  a  sharper 
minimum  in  the  telephone.  This  is  effected  by  electrolyzing  in  the 
cell  a  dilute  solution  of  platinic  chloride.  The  current  is  passed 
first  in  one  and  then  in  the  other  direction,  until  both  plates  are 
covered  with  the  finely  divided  platinum. 

In  order  to  measure  the  conductivity  of  any  substance  a  solution 
of  known  concentration  must  be  prepared.  This  is  poured  into  the 
cell  until  the  electrodes  are  covered.  The  cell  is  then  placed  in  the 
thermostat  and  its  contents  brought  to  the  desired  temperature.  The 
coil  is  started  and  the  readings  a  and  h  determined,  n  having  been 
noted. 

All  of  the  quantities  in  the  conductivity  equation  are  thus  known 
except  /A^  which  is  calculated  at  once.^ 

Conditions  which  must  be  fulfilled  in  Making  Conductivity  Meas- 
urements. —  In  order  that  accurate  conductivity  measurements  may 
be  made  by  the  method  of  Kohlrausch,  it  is  desirable  that  the  wire 
on  the  bridge  should  have  uniform  resistance  throughout.  If  this 
is  not  the  case,  as  in  fact  it  never  is,  the  mre^musLbe  caHbroi&djLnd 
corresponding  corrections  applied.  The  most  convenient  method  of 
calibrating  a  wire  is  that  devised  by  Strouhal  and  Barus.*  The  prin- 
ciple of  the  method  is  analogous  to  that  which  is  employed  in  cali- 
brating a  thermometer,  when  a  thread  of  mercury  is  broken  off  from 
the  column  and  moved  along  the  capillary,  the  space  occupied  in  each 
position  being  noted.  For  a  detailed  description  of  the  method  some 
laboratory  guide'  must  be  consulted. 

Another  factor  of  prime  importance  in  all  conductivity  measure- 
ments is  the  conductiviU/^  of  the  water  which  is  used  as  the  solvent. 
When  we  mestSure  the  con3uctivily  of  a  solution  of  an  electrolyte  in 
water,  we  actually  measure  the  sum  of  the  conductivities  of  the  water 

1  For  details  in  connection  with  the  Conductivity  Method,  see  Freezing^ 
point.  Boiling-point,  and  Conductivity  Methods,  by  Jones  (Chem.  Pub.  Co.« 
Easton,  Pa.). 

«  Wied,  Ann,  10,  326  (1880). 

•  Traube :  PhysikcUisch-chemigche  Methoden,  Jones :  Freezing-point,  BoiU 
ing-point  and  Conductivity  Methods.  Ostwald :  Hand-  und  Hilfshuch  zur  AusfUh- 
rung  Physiko-chemische  Messungen. 
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and  of  tiie  electrolyte.     In  order  to  know  the  conductivity  o 
electrolyte,  it  is  necessary  to  know  that  of  the  water  used,  in  order 
that  it  may  be  subtracted  from  the  conductivity  as  measured. 

For  conductivity  work  it  is  very  desirable  to  have  water  of  a  high 
degree  of  purity.  A  large  number  of  methods  have  been  suggested 
for  purifying  water  for  such  purposes.  The  purest  water  which  has 
ever  been  obtained  was  prepared  by  Kohlrauach  and  HeydweiUer.' 
Water  of  a  high  degree  of  purity  was  distilled  in  a  vacuum,  and  its 
conductivity  determined  without  allowing  it  to  come  in  contact  with 
the  air.  The  degree  of  purity  attained  by  this  method  is  best  realized 
by  the  following  comparison  of  the  conductivity  of  the  water  with 
that  of  a  metal.  A  cubic  millimetre  of  this  water  at  zero  degrees 
had  a  resistance  which  was  equal  to  that  of  a  copper  wire  one 
millimetre  iu  diameter  extending  around  the  earth  one  thousand 
times. 

It  is  not  possible,  nor  is  it  at  all  necessary,  to  prepare  water  of  thia 
degree  of  purity  for  ordinary  conductivity  work.  In  such  work  com- 
paratively large  quantities  of  water  are  needed,  aud  methods  are 
available  for  obtaining  an  abundance  of  water  of  a  high  degree  of 
purity. 

A  method  has  been  devised  by  Jones  and  Mackay'  in  wMch  the 
water  is  twica  distilled,  but  the  process  is  a  continuous  one.  Ordi- 
nary distilled  water  is  placed  in  a  large  balloon  flask,  and  some  potas- 
sium bichromate  (or  potassium  permanganate)  aud  sulphuric  acid 
added.  When  thia  water  is  boiled,  the  organic  matter  is  burned  up, 
and  the  ammonia  held  back  as  the  sulphate.  The  vapor  from  this 
flask  is  led  into  a  large  retort  containing  an  alkaline  solutioQ 
of  potassium  permanganate,  which  absorbs  the  carbon  diox- 
ide. The  water  vapor  is  then  condensed  in  a  tube  of  block  tin,  and 
received  in  a  glass  bottle  which  has  been  cleaned  with  especial  care. 
By  this  method  from  five  to  six  litres  of  water  can  be  obtained  daily, 
having  a  conductivity  of  from  1.5  to  2  x  l(t*-  This  is  sufficiently 
pure  for  general  conductivity  work.  The  correction  which  must  bo 
applied  to  the  values  of  /i^  for  the  conductivity  of  water  of  this 
degree  of  purity,  is  so  small  that  it  can  be  entirely  neglected  in  the 
more  concentrated  solutions.  It  attains  an  appreciable  value  only  in 
the  more  dilute  solutions.  Other  methods  of  purifying  water  h 
been  described  by  Nernst"  and  Hulitt.* 

'  ZlK^hr.  phys.  Chem.  14,  317  (18M). 

»  Ihid.  B2,  237  (IBST).     Amer.  Chrm.  Joura.  19,  01  (1887). 

•  Zlaehr.  phyn.  Chem.  8,  120  (18B0). 

*  Ibid.  81, 207  cieoo). 
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Temp«ratiire  Coefficient  of  CondaotiTity.  —  There  are  few  proper. 

ties  aSected  by  temperature  to  the  same  extent  as  the  conductivity 
of  solutions. 

Great  care  must  therefore  be  taken  to  keep  the  temperature  con- 
stant during  conductivity  measurements.  For  this  purpose  any  accu- 
rate thermostat  may  be  used.  It  is  necessary  in  all  such  work  that 
a  therm  ore  gulator  be  employed,  which  shall  keep  the  temperature 
constant  to  within  a  tenth  of  a  degree. 

A  thermostat  well  adapted  for  conductivity  measurements  is  that 
devised  and  used  by  Ostwald,'  and  this  is  now  generally  employed 
wherever  conductivity  work  is  done.  The  thermostat  bath  contains 
a  large  volume  of  water  to  reduce  the  effect  of  changes  in  the  tem- 
perature of  the  surrounding  objects.  A  large  glass  tube  containing 
a  ten  per  cent  solution  of  calcium  chloride  is  placed  in  the  bath,  and 
connects  above  with  an  Ostwald  regulator.  The  temperature  of  the 
bath  is  regulated  by  the  expansion  and  contraction  of  the  solution  of 
calcium  chloride,  which  has  a  large 
temperature  coefficient  of  expansion. 
The  Ostwald  thermoregulator  is  shown 
in  Fig.  45.  The  bottom  of  the  U-shaped 
tube  is  filled  with  mercury,  as  shown 
in  the  figure.  Gas  enters  at  A.  The 
tube  A  is  inserted  into  one  arm  of  the 
regulator,  and  shoved  down  until  it 
nearly  touches  the  mercury.  This 
tube  also  cont^ns  a  small  hole  in  the  _ 

side.     When  the  bath  becomes  warmer 

than  the  regulated  temperature,  the  solution  of  calcium  chloride 
expands,  drives  up  the  right  arm  of  mercury,  and  cuts  off  the  gas. 
The  small  hole  in  the  side  of  A  prevents  the  flame  from  becoming 
extinguished.  When  the  bath  cools  the  solution  contracts,  the 
mercury  falls  in  the  right  arm,  and  opens  the  end  of  the  tube  A, 
when  an  abundance  of  gas  escapes  and  the  size  of  the  flame  beneath 
the  thermostat  bath  increases.  Thus  the  regulator  works  auto- 
matically. 

The  solution  whose  conductivity  it  is  desired  to  measure  is  placed 
in  the  resistance  vessel,  and  the  vessel  suspended  in  the  thermostat 
bath.  The  solution  is  stirred  by  raising  and  lowerin^the  electrodes, 
and  should  be  allowed  to  remain  in  the  bath  at  least  an  hour  at  con- 
stant temperature,  in  order  to  insure  that  temperature  equilibrium 
has  been  established. 

1  ZtadiT.  phga.  Chem.  »,  566  (1688). 
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The  Eelative  Condnotivities  of  Different  Substaacea.  —  The  first 

generalization  reached  through  the  study  of  the  conductivities  of 
aqueous  Holutious  of  different  substancea,  is  that  chemical  com- 
pounds can  be  divided  into  two  large  claases.  First,  those  which  in 
the  presence  of  water  conduct  the  current,  undergoing  simultane- 
ously decomposition  or  electrolysis.  These  are  called  electrolytes. 
Second,  those  substances  which,  in  the  presence  of  water,  do  not 
conduct  the  current,  and  do  not  undergo  any  decomposition  when  an 
attempt  is  made  to  pass  a  current  through  their  solutions.  These 
are  called  non-electTvlytea. 

The  electrolytes  themselves  differ  greatly  in  their  conducting 
power.  They  may  be  divided  roughly  into  two  classes :  Those  with 
high  conductivity,  as  the  strong  acids,  strong  bases,  and  salts;  and 
those  with  low  conductivity,  as  the  organic  acids  and  bases-  This 
division  into  two  classes  is  more  or  less  arbitrary,  since  among  the 
electrolytes  we  find  nearly  every  degree  of  conductivity  represented. 
It  is  true,  however,  that  most  substances  which  conduct  belong  near 
the  extremes.  Again,  we  recognize  marked  differences  between  the 
good  conductors.  The  strong  monobasic  acids,  such  as  hydrochloric] 
hydrobromie,  nitric,  etc.,  are  the  best  conductors.  The  strong  bases, 
such  as  sodium  and  potassium  hydroxides  come  next  in  order,  and 
then  the  salts. 

Demonstration  of  the  Different  Condnctivities  of  Different  Snb- 
•tances.  —  It  can  be  readily  demonstrated  that  different  electrolytes 
have  very  different  con- 
ductivities. This  has 
been  shown  by  Noyes 
and  Blanchard'  in  an 
experiment  which  they 
state  was  devised  by 
Whitney.  Prepare  half- 
normal  solutions  of  hy- 
drochloric, sulphuric, 
chloracetic,  and  acetio 
acids.  Introduce  these 
into  four  glass  tubes.  A, 
B,  C,  D,  about  20  cm. 
*^Q'  *ti.  long  and  3  cm.  internal 

diameter,  as  shown  in 
[lass  tubes  are  closed  by  rubber  stoppers,  through 
tubes.  These  tuiws  carry  copper  wires,  the  wires 
hmrn.  Amr.T.  Chem.  Soe.  SS,  73fl  (1900). 


Fig.  46.     These 
which  pass  glass 
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terminating  in  platinum  disks  as  shown  in  the  figure.  We  must  be 
able  to  move  these  glass  tubes  through  the  rubber  stoppers.  The 
wire  coming  from  the  bottom  of  each  tube  is  connected  with  a 
32  candle-power,  110-volt  lamp.  The  other  side  of  each  lamp  is  con- 
nected with  one  wire  from  a  110-volt,  alternating-current  dynamo. 
The  wires  from  the  tops  of  the  glass  tubes  are  connected  with  the 
other  wire  from  the  dynamo. 

Add  100  cc.  of  pure  water  to  each  glass  tube.  Add  5  cc.  of  the 
solution  of  hydrochloric  acid  to  the  tube  A ;  add  an  equal  quan- 
tity of  the  sulphuric  acid  to  the  tube  B\  of  chloracetic  acid  to 
the  tube  C;  and  of  acetic  acid  to  the  tube  D,  After  each  solution 
has  become  homogeneous,  close  the  circuit  in  a  dark  room,  and  so 
adjust  the  height  of  the  upper  electrode  that  all  the  lamps  are  equally 
brilliant.  Then  examine  the  heights  of  the  electrodes  in  the  four 
cylinders.  If  in  the  hydrochloric  acid  the  upper  electrode  is  at  the 
top  of  the  cylinder,  in  the  sulphuric  acid  it  will  be  about  one-fourth 
from  the  top,  in  the  chloracetic  acid  about  three-fourths  from  the 
top,  and  in  the  acetic  acid  the  electrodes  will  nearly  touch. 

This  shows  the  different  amounts  of  dissociation  of  the  four  acids 
at  the  same  concentration  —  the  hydrochloric  acid  being  the  most, 
the  acetic  acid  the  least,  dissociated. 

This  experiment  can  be  used  to  illustrate  another  fact.  If  the 
acid  in  each  cylinder  is  just  neutralized  with  sodium  hydroxide,  and 
the  experiment  repeated  as  above,  the  electrodes  being  adjusted  so 
that  all  the  lights  are  equally  brilliant,  it  will  be  seen  that  the 
distance  between  the  electrodes  in  the  four  cylinders  is  very  nearly 
the  same,  showing  that  the  sodium  salts  of  all  four  acids  are  equally 
dissociated. 

Increase  in  Molecular  Conductiyity  with  Increase  in  DUution.  — 
The  study  of  the  relation  between  molecular  conductivity  and 
dilution  of  the  solution  soon  led  to  the  conclusion  that  the  mo- 
lecular conductivity  increases  with  the  dilution.  The  resistance  of 
a  solution  increases  with  the  dilution,  which  is  the  same  as  to  say 
that  the  actual  conducting  power  decreases  as  the  dilution  in- 
creases. While  this  is  true,  the  conductivity  does  not  decrease  as 
rapidly  as  the  dilution  increases,  hence  the  molecular  conductivity 
increases  with  the  dilution.  There  are  so  few  exceptions  known 
to  this  generalization  that  it  may  be  regarded  as  almost  a  general 
truth. 

This  increase  in  molecular  conductivity  with  increase  in  dilution 
is,  however,  not  unlimited.  The  molecular  conductivity  of  the  best 
conductors  becomes  constant  at  a  dilution  of  from  1000  L  to  10,000  V 
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&nd  remains  constant  from  this  point,  however  far  the  dilution  may 
be  carried. 

The  same  general  relations  hold  for  the  poorer  conductors,  but 
in  these  cases  the  constant  value  of  the  molecular  conductivity  is 
reached  only  at  dilutions  much  greater  than  those  nained  above. 
For  many  of  the  poorest  conductors,  the  constant  value  of  the  mo- 
lecular conductivity  cannot  be  obtained  directly  by  the  conductivity 
method.  In  such  cases  an  indirect  method  must  be  applied,  as  we 
shall  see  later. 

The  facts  stated  above  in  reference  to  the  good  conductors  can  be 
seen  more  clearly  by  examining  a  few  data  obtained  with  an  acid, 
a  base,  and  a  salt,  at  difFerent  concentrations,  v  is  the  volume  of 
the  solution  in  litres  wliich  contains  a  gram-molecular  weight  of  the 
electrolyte ;  fn,  is  the  molecular  conductivity  at  the  dilution  v. 


.....oc,.^ 

Sodium  Hn 

.o.,« 

PoT.»..-C,.u>™ 

„ 

«18= 

, 

(«'9° 

e 

l»IS° 

0.333 

201.0 

0.333 

100.7 

0.333 

A9f  ^ 

1.0 

278.0 

1.0 

140.0 

1.0 

01  0(^1 

1D.0 

iVHA 

10.0 

170.0 

10.0 

iru^^H 

100.0 

3il.6 

100.0 

187.0 

1O0.0 

111^^1 

600.0 

346.6 

600.0 

180.0 

500.0 

IIRI^H 

1000.0 

345.5 

1000.0 
10,000.0 

119.^H 

The  maximum  constant  value  which  /i,  attains  at  high  dilution  is 
termed  ^_,  and  its  significance  will  be  seen  when  we  study  the 
application  of  the  conductivity  method  to  the  measurement  of  elec- 
trolytic dissociation. 

These  results  serve  also  to  illustrate  the  three  degrees  of  con- 
ductivity possessed  by  the  good  conductors,  — acids,  bases,  and  salts. 

The  Law  of  Kohlrausch.  —  A  relation  of  wide-reaching  significance 
was  discovered  by  Kohlrausch  by  comparing  the  values  of  /(_  for 
ilifferent  substances.  He  found  that  the  difference  between  the 
values  of  it^  for  two  electrolytes  having  a  common  anion  and  differ- 
ent cations,  is  the  same  as  the  difference  between  the  values  of  ;i^ 
for  any  two  electrolytes  having  a  common  anion,  and  the 
cations  as  the  above  electrolytes.     An  example  will  make  this  clear: 

The  value  of  n.  forpotaHBinm  broroiiie  at  18°  1b    .         .        .    1*1-0 

The  vivlue  of  n^  for  sodium  bromide  Bt  18°  la         .         .        .    120.0 

Difference 21.0 
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The  value  of  fi^^,  for  potassium  nitrate  at  18^  is       .        .        .  121.0 

The  value  of  fj^  for  sodium  nitrate  at  18°  is  •        .        .    97,5 

Difference 23:6 

The  same  relation  obtains  for  a  common  cation  as  for  a  common 
anion.  In  this  case  the  difference  between  the  values  of  fx^  for  two 
electrolytes  having  a  common  cation  and  different  anions  is  the 
same  as  the  difference  between  the  values  of  /i^  for  any  two  elec- 
trolytes having  a  common  cation  and  the  same  anion  as  the  electro- 
lytes in  question.    This  can  be  seen  from  the  example  given :  — 

fi^  KBr  -  fi^  KNOs  =  141  - 121  =  20.0 ; 
fi^  NaBr  -  fi^  NaNOs  =  120  -  97.5  =  22.5. 

The  difference  between  the  two  values  is  hardly  larger  than  the  ex- 
perimental error. 

The  value  of  fx^  for  any  electrolytes  is,  then,  the  sum  of  two 
constants,  the  one  depending  on  the  anion  and  the  other  on  the 
cation.  The  conductivity  of  a  solution  depends  on  the  number  of 
ions  present,  and  the  velocity  with  which  they  move.  The  value  of 
the  molecular  conductivity  at  complete  dissociation,  since  it  deals 
with  comparable  quantities  of  ions,  depends  on  the  velocities  with 
which  the  ions  move.  The  value  of  fi^  for  any  substance  depends 
on  the  velocities  of  the  ions  into  which  the  substance  dissociates. 
The  constants  above  referred  to,  are,  then,  proportional  to  the  veloci- 
ties of  the  cation  and  anion  respectively.  If  we  represent  by  c  the 
velocity  of  the  cation,  and  by  a  the  velocity  of  the  anion,  — 

M«  =  c  +  a. 

Expressed  in  words,  tlie  velocity  with  which  any  ion  travels  is  a 
constant  for  a  given  solvent  and  a  given  potential  gradient^  and  is  inde- 
pendent of  the  nature  of  the  other  ion  or  ions  with  which  it  is  present  in 
the  solution. 

This  generalization  is  usually  referred  to  as  the  law  of  the  inde- 
pendent migration  velocities  of  ions.  The  law  in  this  form  holds,  in 
general,  only  for  very  dilute  solutions,  since  it  is  only  in  such  solu- 
tions that  the  true  values  of  /i^  are  obtainable  directly  by  experi- 
ment. 

Ostwald's  Modification  of  Kohlransch's  Law.  —  The  law  as  enun- 
ciated by  Kohlrausch  applies  only  to  very  dilute  solutions.  Ostwald  * 
has  shown  that  the  law  of  Kohlrausch  is  of  general  applicability,  and 
can  be  used  with  more  concentrated  as  well  as  with  more  dilute  solu- 

1  Lehrh,  d.  Allg.  Chem,  II,  672. 
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tian3.  If,  however,  the  aolutions  are  more  concentrated  and  not  com- 
pletely dissociateil,  the  amount  of  their  dissociation  must  he  taken 
into  account.  If  we  represent  this,  aa  is  usually  done,  by  a,  the  law 
ot  Kohlrausch  aa  applied  to  incompletely  dissociated  solutions  be- 
comes— 

^  =  a{c  +  a). 

Aa  the  dilution  increases  «  approaches  more  and  more  nearly 
to  unity,  and  when  the  dissociation  ia  complete  it  becomes  unity. 
The  Ostwald  modification  of  the  Kohlrausch  law  becomes,  at  this 
point,  identical  with  the  original  law  pi'oposed  by  Kohlrausch. 

The  Law  of  KohlrauBoh  need  to  determine  the  Velocity  of  Ions.  — 
It  is  obvious  from  what  has  already  been  said,  that  the  law  of  Kohl- 
rausch can  be  used  to  determine  the  velocity  of  ions.  The  law  states 
that  for  completely  dissociated  solutions  the  velocity  of  the  cation  c, 
plus  the  velocity  of  the  anion  a,  is  a  constant.  The  value  of  this 
constant,  or  fi^,  is  determined  at  once  by  applying  the  conductivity 
method  to  completely  dissociated  solutions,  and  measuring  the  mo- 
lecular conductivity.  In  a  word,  we  can.  determine  at  once  tlie  value 
otc  +  a.  We  determine  the  value  of  -  by  the  Hittorf  method  of 
determining  relative  migration  numbers.  Knowing  c  +  a  and  -,  we 
obtain  at  once  absolute  values  for  the  velocities  of  both  ions.     " 

If  this  method  ia  correct,  then  the  velocity  of  any  given  ion  must 
be  the  same,  whether  determined  from  one  substance,  or  from  any 
other  substance  in  which  it  may  occur.  This  was  tested  by  Kohl- 
rausch '  for  the  chlorine  ion.  The  velocity  of  this  ion  was  calculated 
from  several  salts  and  was  found  to  be  the  same  in  each  case.  The 
velocities  are  expressed  in  10"*  centimetres  per  second.  The  poten- 
tial gradient  ia  1  volt  per  centimetre;  the  temperature,  18". 
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The  results  for  the  velocity  of  the  chlorine  i 
the  different  salts. 

1  Wied.  Ann.  80.  386  (1893). 
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Kohlrausch^  determined  the  velocities  of  a  number  of  ions  in 
centimetres  per  second,  under  unit  potential  gradient,  i.e.  a  drop  in 
potential  of  one  volt  a  centimetre. 


Cations 
Hydrogen    . 
Potassium  . 
Sodium 
Lithium 
Ammonium 
Silver 

AmoNB 
Hydroxyl    , 
Chlorine 
Iodine 
Nitro  group 


Yklooity  nff  Cektuiktrbb  pkb  Skoond 
0.00320  cm. 
0.00060  cm. 
0.00045  cm. 
0.00036  cm. 
0.00066  cm. 
0.00057  cm. 


Yklooitt  nff  Cbntimbtkkb  pkb  Sboond 
0.00182  cm. 
0.00069  cm. 
0.00069  cm. 
0.00064  cm. 


It  will  be  seen  that  hydrogen  is  the  swiftest  of  all  ions,  and  that 
hydroxyl  comes  next  with  respect  to  its  velocity.  It  will,  however, 
be  observed  that  even  the  swiftest  ions  move  very  slowly  through  the 
solvent  in  which  they  are  contained. 


APPLICATIONS  OF  THE  CONDUCTIVITIES  OF  SOLUTIONS 

OF  ELECTROLYTES 

The  Dissociation  of  Electrolytes. — The  most  important  application 
of  the  conductivity  of  electrolytes  is  to  measure  their  dissociation. 
If  the  dissolved  substance  is  not  dissociated  at  all,  the  conductivity 
would  be  zero.  If  it  were  completely  dissociated,  the  conductivity 
would  be  a  maximum.  If  it  were  partly  dissociated,  the  conduc- 
tivity would  lie  somewhere  between  zero  and  the  maximum  value. 
Since  conductivity  and  dissociation  are  proportional,  to  determine 
the  latter  it  is  only  necessary  to  divide  the  conductivity  at  the  dilu- 
tion in  question  by  the  conductivity  at  complete  dissociation.  The 
conductivity  at  any  dilution,  v,  is  represented  by  /x^  The  conduc- 
tivity at  complete  dissociation  is  represented  by  /u^^ ;  the  percentage 
of  dissociation,  by  a.    We  have  the  following  relation :  — 


It  is  very  simple  to  determine  the  value  of  ii^  for  any  dilution  of 
any  electrolyte  in  water.  It  is  only  necessary  to  apply  the  Kohl- 
rausch  method  directly,  and  calculate  the  molecular  conductivity. 


1  Wied.  Ann.  W,  403  (1893). 
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It  is  not  always  such  a  simple  matter  to  determine  the  value  of  /t^. 
Some  of  the  more  complicated  cases  will  be  considered. 

Determination  of  the  Haximnm  Holecnlar  CondnctlTity.  —  If  the 
compound  is  strongly  dissociated,  such  as  the  strong  acids  and  bases, 
and  the  salts,  the  value  of  p.^  is  determined  by  increasing  the 
dilution  of  the  solution  until  a  value  for  the  molecular  conductivity 
is  reached  which  remains  constant. 

If,  on  the  other  hand,  the  compound  is  not  strongly  dissociated,  it 
is  not  possible  to  determine  /i^  by  the  above  procedure.  The  dilution 
at  which  the  dissociation  would  be  complete  is  so  high  that  it  is  not 
possible  to  use  tbe  conductivity  method  with  any  degree  of  accuracy. 
An  indirect  method  of  determining  ^_  for  the  weakly  dissociated 
substances  baa  been  worked  out  and  applied-  Let  us  take  first  the 
weak  acids,  say  the  organic  acids.  These  acids  dissociate  like  all  other 
acids  into  a  hydrogen  cation  and  a  complex  organic  anion.  If  tbe 
hydrogen  of  the  acid  is  replaced  by  a  metal,  we  have  a  salt  formed, 
and  all  salts  are  strongly  dissociated  substances.  The  value  of  ^^ 
for  the  salt  can  be  determined  readily  by  means  of  the  conductivity 
method.  Ostwakl  used  the  sodium  salt.  The  value  of  /i_  for  this 
compound  is  from  Kohlrausch's  law  the  sum  of  two  constants,  the 
one  depending  upon  the  anion  and  the  other  on  the  cation.  If  from 
the  value  of  ^^  for  the  sodium  salt  we  subtract  the  constant  for  tlie 
sodium  ion,  which  is  known,  the  remainder  is  the  constant  for  the 
anion.  If  to  this  constant  we  add  the  constant  for  hydrogen,  we 
have  the  value  of  n_  for  the  acid,  since  all  acids  are  made  up  of  an 
anion  and  the  cation  hydrogen.  The  value  of  tbe  constant  for  the 
sodium  ion  at  25°,  as  given  by  Ostwald,  is  49.2,  and  that  of  the  hydro- 
gen ion  325.  The  value  of  /i^  for  an  acid  at  25°  is  the  value  of  fi^ 
for  the  sodium  salt  of  that  acid,  minus  49.2,  plus  325 ;  t'.e.  ^_  for  the 
sodium  salt  plus  275.8. 

If  we  wish  to  determine  /t^  for  a  weak  base,  we  proceed  ia  a 
strictly  analogous  manner.  The  nitrate  or  chloride  of  the  base  is 
prepared.  This  being  a  salt  is  strongly  dissociated,  and  the  value 
of  n^  for  the  chloride  or  nitrate  can  be  determined  directly  by 
the  conductivity  method.  The  value  of  fn^  for  the  chloride  of  a 
base  is  the  sum  of  two  constants,  the  one  depending  upon  the  cation 
of  the  base,  and  the  other  upon  the  chlorine  anion.  The  value  of 
H^  for  the  free  base  is  the  value  of  fi_  for  the  chloride,  minus  the 
constant  for  chlorine,  plus  the  constant  for  hydroKyl.  The  value  of 
the  constant  for  chlorine  at  25°  is  70.2;  that  of  bydroxyl,  170,  The 
value  of  |U_  for  the  base  is,  then,  the  value  of  /i„  for  the  chloride, 
miuus  70.2,  plus  170,  or  plus  99.8.    If  the  nitrate  is  used  the  value 
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of  the  constant  for  the  NO3  anion  is  65.1.  To  obtain  fi^  for  the 
base  we  must,  therefore,  add  104.9  to  the  value  of  /i^  for  the 
nitrate  of  the  base. 

An  empirical  method  has  been  worked  out  by  Ostwald  ^  for  de- 
termining the  value  of  /x^  for  the  sodium  salt  of  an  acid,  from 
the  value  of  fj^  at  any  ordinary  concentration.  As  the  result  of 
the  study  of  a  large  number  of  acids  he  found  that  /ix^  at  a  given 
volume  differed  by  a  constant  quantity  from  /i^ .  These  differences 
for  volumes  ranging  from  32  to  1024  1.  are  given  below :  — 


Volumes : 

32 

64 

128 

256 

512 

1024 

Difterences : 

12 

10 

8 

6 

4 

2 

By  adding  these  differences  to  /ui,  at  any  of  the  above  volumes, 
we  obtain  fjL^  at  once.  Knowing  the  value  of  /i^  for  any  com- 
pound, and  also  the  value  of  /x^  we  obtain  at  once  the  dissociation  a 
—  which  is  equal  to  fi,  divided  by  fi^ . 

Comparison  of  Dissociation  from  Condnctiyity  with  Dissociation 
from  Freezing-point  Lowering.  —  We  have  thus  far  studied  two 
methods  of  measuring  electrolytic  dissociation,  —  the  conductivity 
and  freezing-point  methods.  The  question  is  whether  the  results 
obtained  by  the  two  methods  for  the  same  substance  at  the  same 
dilutions,  are  the  same,  or  different.  A  few  results  will  answer  this 
question.  In  the  following  table  the  conductivity  measurements  were 
made  by  Kohlrausch,  the  freezing-point  measurements  by  Jones*;  — 


COMPOUKDA 

conobntration 
Ob.  Molxo.  Nobm al 

DnSOOIATION  FROM 
CONDUCnVITT 

Dissociation  from 

Frrkximg-pouit 

Lowering 

Per  C«nt 

Per  C«nt 

Naa  . 

0.001 

98.0 

98.4 

NaCl  . 

0.01 

93.5 

90.5 

NaCl  . 

0.1 

84.1 

84.1 

K2SO4 

0.001 

92.3 

94.2 

K2SO4 

0.005 

85.8 

88.7 

K2SO4 

0.05 

70.1 

72.6 

ZnCla 

0.001 

94.5 

95.5 

ZnCU 

0.005 

88.3 

89.8 

ZnClj 

0.05 

74.1 

79.4 

HCl    . 

0.002 

100.0 

98.4 

HCl    . 

0.01 

98.9 

95.8 

HCl    . 

0.1 

93.9 

88.6 

1  Lehrb.  d.  Allg.  Cham,  II,  693. 


s  Phil,  Mag,  86,  466  (1898). 


THE  ELEMENTS  OF  PHYSICAL  CHEMISTRY 


.„^ 

G.%'Z.N„^ 

Dl»Ori*T.oa  FW- 

UWKICTITIUH  n 

HrSO, 

0.003 
0.006 
0.05 

PwCenl 
80.8 

*    85.4 
62.3 

Percent 
88.0 
83.8 

60.7 

KOH  . 
KOH. 
KOU  . 

0.002 
0.01 
0.1 

100.0 
M.2 

92.8 

08.4 

93.7 
83.1 

M[1,0H 
HH,OH 
HH(OH 

0.008 
0.01 
0.06 

16.6 
13.0 
6.1 

ll.l 
6.9 

3.8 

KsCO, 
K,CO, 

0.003 

0.006 
0.05 

82.0 
88.6 
71.0 

06.6 

96.0 

77.5 

The  results  obtained  by  the  two  methods  agree,  in  general,  about 
as  well  as  could  be  expected,  if  we  consider  that  the  conductivity 
measurements  are  made  at  18°  and  the  freezLng-poiat  measurements 
at,  and  slightly  below,  0°.  In  some  cases  differences  larger  than  can 
be  accounted  for  in  this  way  are  apparent,  but  these  are  probably 
due  to  experimental  errors  in  one  or  both  methods. 

The  Dilution  Law  of  Oatwald.  —  Since  the  molecular  conductivity 
of  solutions  of  electrolytes  increases  with  the  dilution,  and  since 
dissociation  is  protwrtional  to  conductivity,  it  follows  that  dissocia- 
tion increases  with  the  dilution  of  the  solution.  This  holds  up  to  a 
certain  point,  as  we  have  seen.  Beyond  a  certain  dilution  the  con- 
ductivity remains  constant,  which  means  that  the  dissociation  at  this 
dilution  is  constant.  For  the  good  conducting  substances  the  con- 
ductivity increases  slowly  with  the  dilution.  It  increases  much 
more  rapidly  for  the  poorer  conductors,  such  as  the  organic  acids 
and  bases.  The  difference  between  the  molecular  conductivities  of 
the  good  and  bad  conductors  thus  becomes  less  as  the  dilution 


Ostwald '  found  from  his  own  work  that  the  molecular  conductivi- 
ties of  all  monobasic  acids  passes  through  the  same  series  of  values. 
Thus,  if  any  two  acids  A  and  B  have  the  same  molecular  conduc- 
tivities at  volumes  v,  and  Vi,  they  will  have  the  same  condnctivities 
at  any  other  volumes.    Ostwald'  went  much  farther,  and  discovered 


'  Jaum.  prakt.  Chtm.  ai.  433  (1885). 
«  ZUehr.  phys.  Chem.  S,  38,  878  (1888)  j 
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the  mathematical  expression  connecting  dissociation  and  dilution. 
He  gave  us  our  first  rational  dilution  law.  The  law  was  deduced 
as  follows :  — 

If  the  laws  of  gas-pressure  hold  for  dilute  solutions,  and  if  the 
Arrhenius  theory  of  electrolytic  dissociation  to  account  for  the  excep- 
tions shown  by  electrolytes  is  true,  then  the  formula  connecting  the 
degree  of  dissociation  with  the  volume  of  gases  must  apply  directly 
to  the  relation  between  the  dilution  and  the  dissociation  of  electro- 
lytes.^ The  law  of  the  dissociation  of  gases  must  apply  also  to  the 
dissociation  of  dilute  solutions. 

For  a  homogeneous  system  of  one  volume  of  a  gas  dissociating 
into  two  volumes  of  gaseous  products,  Ostwald*  deduced  the  formula : 

R  log  -^—  =  ^  +  const. 
PiPn      T 

Pj  Pi,  and  pu  are,  respectively,  the  pressures  of  the  undissociated 
gas  and  of  the  decomposition  products,  q  is  the  heat  of  decomposi- 
tion. 

If  the  temperature  is  constant  and  neither  of  the  decomposition 
products  is  present  in  excess,  the  above  expression  becomes  — 

^  =  const.  (1) 

Pi  ^  ^ 

p  is  the  pressure  of  the  undissociated  gas,  and  jpi  that  of  the  decom- 
position products. 

Turning  now  to  solutions,  we  have  to  deal  with  osmotic  pressure 
instead  of  gas-pressure.  The  osmotic  pressure  is  proportional  to  the 
amount  of  dissolved  substance,  and  inversely  proportional  to  the 
volume.  Let  u  be  the  mass  of  the  undissociated  electrolyte,  and  Wj 
the  mass  of  the  dissociated  products,  and  v  the  volume  of  the  solution : 

u  Ui 

•  V  V 

Substituting  these  values  in  equation  (1),  we  have  — 

—5  =  const  (2) 

1  Planck  :  Witd,  Ann.  84,  139  (1888). 

«  ZtBchr,  phya.  Chem.  2,  36  (1888).    Lehrb.  d.  Allg.  Chem.  f  !•"     "        '^ 
II,  723. 
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We  have  seen,  however,  that  the  amount  of  dissociation  u,  (or  «) 
is  measured  by  the  relation  between  the  conductivity  at  the  gives 
volume  II,  and  at  infinite  dilution :  — 


The  amount  of  nndissociated  substance  u  =  1 -.    Substituting 

theae  values  for  u  and  u,  in  equation  (2),  we  have  — 


ting        I 


(3> 


4 


This  expression  caji  be  simplified  by  writing  a  = , 

have  —  ^ 
=  const. 

This  espreasion  is  known  as  the  Ostwald  dilution  law. 

Testing  the  Ostwald  Dilution  Law.  —  Ostwald '  tested  his  law  by 
applying  it  to  a  large  number  of  substances.  He  determined  the 
conductivity  of  a  number  of  solutions  of  any  given  substance,  and 
from  these  results  calculated  the  dissociation  at  the  different  dilu- 
tions. He  then  substituted  the  value  of  a  for  any  given  value  of  v, 
in  the  equation  expressing  his  law,  to  see  whether  the  result  came 
out  a  constant  over  any  wide  range  of  dilution,  v  is  the  volume  of 
the  solution,  or  number  of  litres  which  contain  a  gram-molecular 
weight  of  the  electrolyte.  The  results  for  two  organic  acids  are 
given  below:  — 

Formic  Acid 


. 

. 

Co...,0, 

8 

4.0G 

0.0214 

16 

0,03 

O.WIO 

33 

7.70 

0.0206 

64 

]0.78 

0.0203 

1?8 

14,76 

0.0200 

2sa 

20.12 

0.0108 

513 

27.10 

0.0187 

1024 

S6.80 

0.0196 
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Butyric  Acid 


9 

a 

Const,  x  100 

8 

1.068 

0.00144 

16 

1.636 

0.00160 

82 

2.166 

0.00149 

64 

3.063 

0.00160 

128 

4.292 

0.00160 

256 

6.988 

0.00149 

612 

8.300 

0.00147 

1024 

11.410 

0.00144 

The  results  show  that  the  value  comes  out  very  nearly  a  constant. 
In  a  word,  the  Ostwald  law  holds  with  fair  approximation  for  this 
class  of  substances.  The  law  was  applied  to  between  200  and  300 
organic  acids,  and  was  found  to  hold  approximately  for  this  class  of 
substances.  These  organic  acids  all  belong  to  the  weakly  disso- 
ciated substances.  The  law  was  tested  for  the  weakly  dissociated 
organic  bases  by  Bredig.^  The  results  for  two  substances  are  given. 
He  applied  the  law  to  about  thirty  weak  bases. 


Ammonia 


9 

a 

• 

Const,  x  100 

8 

1.36 

0.0023 

16 

1.88 

0.0023 

32 

2.66 

0.0023 

64 

3.76 

0.0023 

128 

6.33 

0.0023 

266 

7.64 

0.0024 

Trimethtlamine 


9 

a 

Conn.  X 100 

8 

2.31 

0.4 

16 

3.36 

0.* 

32 

4.77 

Oj 

64 

6.73 

0. 

128 

9.36 

a« 

1  ZUchr.phys.  Chem.  IS,  280 
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The  values  found  by  Bredig  for  the  weak  bases  are  rather  nearer 
a  constant  than  those  found  by  Ostwald  for  the  weak  acids.  The 
weak  organic  bases,  like  the  weak  organic  acids,  belong  to  the  gen- 
eral class  of  weakly  dissociated  compounds.  The  law  of  Ostwald 
evidently  applies  to  such  substances. 

When  we  turn  to  the  strongly  dissociated  substances,  such  as  the 
strong  acids  and  strong  bases,  and  salts,  the  dilution  law  of  Ostwald 
does  not  apply  at  all  satisfactorily.  The  values  found  are  not  at 
all  constant  over  any  considerable  range  of  dilution,  but  vary  gieatly 
with  the  dilution.  No  satisfactory  reason  has  yet  been  furnished, 
which  explains  why  the  law  of  Ostwald  holds  for  weakly  dissociated 
substances,  but  does  not  bold  for  the  strongly  dissociated  electro- 
lytes. Another,  purely  empirical  expression  has,  however,  been  dis- 
covered, which  applies  as  well  to  the  strongly  dissociated  compounds 
as  that  of  Ostwald  to  the  weak  acida  and  bases. 

The  Dilation  Law  of  BudolpM. — The  dilution  law  which  was 
found  to  hold  for  the  strongly  dissociated  electrolytes  was  discov- 
ered by  Eudolphi.'  In  attempting  to  apply  the  Ostwald  law  to  solu- 
tions of  silver  nitrate,  he  made  the  following  observation;  If  we 
represent  the  volumes  of  the  solution  by  v,  and  the  constant  by  c,  we 
obtain  from  the  Ostwald  formula:  — 


=  16, 


c  =  0.26; 
c  =  0.13i 
c  =  0.065. 


A  glance  at  these  figures  will  show  that  a  constant  would  be  ob- 
tained, if  the  values  of  c  were  multiplied  by  the  square  root  of  « 
each  case  r  — 

0.2G  X  Vl6  =  0.13  X  V64  =  0.065  x  V256. 

Rudolphi  substituted  for  v  in  the  Ostwald  equation  the  square  root 
of  V,  and  obtained  — 

—  =  const. 

1-«V« 


«  ob- 

e  root 


He  applied  this  equation  to  between  fifty  and  sixty  strongly  diBBC 
ated   compounds,  and  the  values  found  for  c  always  approached 
closely  to  a  constant.     The  results  for  a  few  substances  will  be 
given. 

■  Zlichr.  phj/s.  Chem.  17,  386  (1895). 
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Htdbooblokio  Acid 

POTABSimi  SULPBITB 

Potassium  Aostats 

V                 c 

V 

c 

V 

c 

2             4.36 

2 

0.453 

2 

1.24 

4             4.45 

8 

0.454 

100 

1.19 

8              5.13 

32 

0.455 

1000 

1.18 

16              5.13 

128 

0.544 

10000 

1.03 

Although  considerable  deyiations  from  a  constant  exist  in  some 
cases,  yet  the  law  of  Kudolphi  holds  about  as  well  for  the  strongly 
dissociated  electrolytes  as  that  of  Ostwald  for  the  weakly  dissociated 
substances. 

The  physical  significance  of  the  Vv  in  the  Kudolphi  equation  is 
at  present  entirely  unexplained. 

Several  further  modifications  of  the  dilution  laws  have  been  pro- 
posed,^ but  they  can  scarcely  be  regarded  as  advances  on  those  al- 
ready considered.  We  thus  seem  to  have  two  expressions  for  the 
relation  between  the  dissociation  of  electrolytes  and  the  dilution  of 
the  solutions ;  the  expression  of  Ostwald,  which  has  a  rational  basis, 
and  whose  physical  significance  is  known,  holding  for  the  weakly 
dissociated  compounds ;  and  the  purely  empirical  equation  of  Kudol- 
phi, which  holds  for  the  more  strongly  dissociated  electrolytes.  The 
relation  between  gaseous  and  electrolytic  dissociation  is,  then,  estab- 
lished as  far  as  the  less  strongly  dissociated  compounds  are  concerned, 
but  when  the  dissociation  is  nearly  complete  at  moderate  dilutions, 
there  exists  a  discrepancy  which  still  remains  to  be  explained. 

The  Conductiyity  of  Organic  Acids  and  the  Determination  of  Dis- 
sociation Constants. — The  conductivities  of  from  two  to  three  hun- 
dred of  the  more  common  organic  acids  have  been  measured  by 
Ostwald,*  at  dilutions  ranging  from  a  few  litres  to  two  or  three 
thousand  litres.  The  general  fact  established  by  this  work  is  that 
this  whole  class  of  substances  is  comparatively  weakly  dissociated 
even  at  dilutions  of  one  thousand  litres.  It  is  true  that  they  show 
marked  differences  in  the  degree  of  their  dissociation,  but  few  of 
them  are  sufficiently  dissociated  to  determine  the  value  of  /x^  directly 
by  the  conductivity  method.  The  indirect  method,*  using  the  sodium 
salt,  was  employed.  Knowing  the  value  of  fi^  for  the  acid,  the  disso- 
ciation at  any  dilution  could  be  calculated  from  the  molecular  con- 

1  Van't  Hoff :  Ztschr.  phys.  Chem,  18,  300  (1895).  Kohlrausch:  Ibid.  18,  662 
(1895).     Bancroft:  Ibid.  31,  188  (1899). 

3  Ibid.  8,  170,  241,  369  (1889).  « Ibid.  2,  840  (1888). 


T]IE   ELEMENTS  OF  PHYSICAL   CHEMISTRY 


ductivitj  at  that  dilution.    Knowing  the  dissociation,  the  dissociation 
constant  for  the  acid  was  calculated  from  the  dilutiun  law,  — 


(1  - «).    ■ 

The  value  of  c  for  different  dilutions,  which  in  most  cases  is 
fairly  constant,  gives  us  a  deep  insight  into  the  nature  of  the  com- 
pound. Knowing  its  value,  we  know  the  relative  strength  of  the 
acid,  with  all  that  is  implied  by  this  term. 

The  effect  of  replacing  hydrogen  by  different  groups  was  studied 
by  Ostwald,  and  the  influence  of  constitution  as  well  as  composition 
on  the  acidity  was  determined  in  a  number  of  cases.  Thus,  the  in- 
troduction of  a  halogen,  sulphur,  or  oxygen  atom,  or  the  nitro  group, 
increased  the  acidity.  The  presence  of  the  amido  group  diminished 
it.  The  presence  of  oxygen  or  the  nitro  group  in  the  ortho  position 
has  a  greater  iutluence  than  in  the  meta  position,  and  in  the  meta 
position  a  greater  influence  than  in  the  para.  For  further  details 
reference  must  be  had  to  the  tabulated  statement  which  has  been  pre- 
pared by  Ostwald.' 

Basicity  of  an  Acid  determined  empirically  from  its  CoadnctiTity. 
—  An  empirical  relation  between  the  rate  of  increase  in  the  conduc- 
tivity of  the  sodium  salts  of  acids  with  increase  in  dilution,  and  the 
basicity  of  the  acids  was  discovered  by  Ostwald.'  If  we  subtract  the 
molecular  conductivity  of  the  sodium  salt  at  a  dilution  containing  a 
gram-molecular  weight  in  32  1.,  from  its  molecular  conductivity  at  a 
dilution  of  1024  1.,  the  difference  will  be  about  10  for  monobasic 
acids,  20  for  dibasic,  etc.  Or  if  we  represent  the  basicity  of  the 
acid  by  b,  the  molecular  conductivity  at  1024  I.,  minus  the  moleon- 
iar  conductivity  at  32  I.,  =  10  6 :  — 


=  10  6. 


These  determinations  of  conductivity  were  made  at  26". 

A  few  examples  from  the  work   of   Ostwald,*  on    acids  whose 
basicity  varies  from  one  to  five  will  make  this  point  clear. 

Sodium  Nicotinate  (monobasic) 


>  Zfsrkr.  phi/i.  Chem.  3.  418  (1880).  '  Ibid.  1,  105  (1887) ;  «,  902  { 

»/6id.  B.  001  (1888). 
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Sodium  Quinolikate  (dibasic) 

32  79^ 

1024  90^ 

19.8     difference  =  10  x  2 

SoDFUM  Pybidinetbicabbonate  (tribasio) 

32  82.1 

1024  113.1 

31.0  difference  =  10  x  3 

Sodium  Pybidinetetracabbonate  (tetrabasio) 

32  80.8 

1024  121.2 

40.4     difference  =  10  x  4 

Sodium  Pybidinepentacabbonate  (pentabasic) 

82  77.7 

1024  127.8 

60.1  difference  =  10  x  6 

The  extension  of  this  empirical  relation  to  acids  more  complex 
than  pentabasic  cannot  be  made.  Walden^  has  shown  that  many 
exceptions  exist  when  the  supposed  relation  is  applied  to  acids  of 
higher  basicity. 

The  Determination  of  the  Condnotiyity  of  Organic  Bases  and  their 
Dissociation  Constants.  —  An  elaborate  piece  of  work  on  the  conduc- 
tivity of  organic  bases  was  carried  out  in  the  laboratory  of  Ostwald 
by  Bredig.*  From  his  measurements  the  dissociation  constants  of 
these  substances  were  calculated,  as  in  the  case  of  the  organic  acids^ 
by  means  of  the  Ostwald  dilution  law.  The  substances  studied  by 
Bredig  include  a  large  number  of  substituted  ammonias,  —  primary, 
secondary,  tertiary,  and  quaternary,  the  aromatic  amines,  and  a 
number  of  other  organic  and  a  few  inorganic  bases.  The  quaternary 
amines  are  by  far  the  strongest,  approaching  in  strength  the  strongest 
alkalies.  The  secondary  amines  have  a  larger  dissociation  constant 
than  either  the  primary  or  tertiary,  and  the  primary  and  tertiary 
amines  are  much  more  strongly  dissociated  than  ammonia  itself. 

»  Ztschr,  phys.  Chem.  1,  629  (1887)  ;  2,  49  (1888). 
<  Ibid,  18,  289  (1894). 
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The  effect  of  constitution  on  the  strength  of  bases  is  seen  y 
isomeric  substances  are  compared.     As  with  organic  acids  so  vrith 
organic  bases,  constitution  has  a  marked  influence  on  the  strength. 

The  conductivity  of  salts  of  a  large  number  of  organic  bases  was 
also  measured  by  Bredig. 

Migration  Velocities  of  the  Complex  Organic  Anions.  —  We  have 
seen  from  the  law  of  Kohlrausch  that  the  conductivity  method  can 
be  used  to  determine  the  velocities  of  ions.  The  value  of  ^i^  for  a 
compound  is  the  sum  of  the  migration  velocities  of  the  two  ions.  If 
the  value  of  /t^  for  the  sodium  salt  of  an  organic  acid  is  determined, 
and  the  velocity  constant  for  sodium  subtracted,  the  remainder  is  the 
migration  velocity  of  the  anion  of  the  acid.  Extensive  application 
has  been  made  of  the  conductivity  method  tor  determining  the  migra- 
tion velocity  of  orgajiic  anions,  and,  as  we  shall  also  see,  of  organic 
cations. 

Ostwald'  has  arrived  at  general  conclusions  from  his  measure- 
ments as  to  the  effect  both  of  composition  and  constitution  of  the  ion 
on  its  velocity.  The  effect  of  increasing  complexity  is  illustrated  by 
the  following  example :  — 

Anion  of  formic  acid,  HCOO 56.9 

Anion  of  acetic  acid,  CH,COO 43.1 

Anion  of  propionic  acid,  CHaCHiCOO 3S,0 

It  is  obvious  that  as  the  ion  becomes  more  complex  its  velocity 
becomes  smaller. 

When  hydrogen  is  replaced  by  chlorine  the  velocity  becomes  less, 
as  is  shown  by  the  following  example :  — 


Anion  of  acetic  acid,  CHaCOO 43.1 

Anion  of  monocliloracetlc  acid,  CHjClCOO 42.0 

Anion  of  dichloracetic  acid,  CHCl^OO 40,1 

Anion  o(  Iricliloracetic  acid,  CCliCOO 37.5 

The  effect  of  constitution  on  migration  velocity  was  studied  with 
isomeric  ions.  The  following  results  show  that  isomeric  ions  move 
with  very  nearly  the  same  velocity :  — 

f  Anion  of  butyric  acid,  CHuCHsCHjCOO S6.4 

lAnionofiaobutyrioacid.'^'^'NcHCOO 36.6 

Clla/ 

'  Zischr.  phyi.  Chem.  8,  848  (1888). 
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_      ySOi^*^  Vblocity 

Anion  of  orthonitFobenzoic  acid,  CeH4  ^ 34.6 

NCOO 

-      yN02''> 

Anion  of  paranitrobenzoic  acid,  CeH4< 34.8 

NCOO 

Anion  of  orthoamidobenzoic  acid,  CeH^v 36.7 

NCOO 

_      /NHa'-' 
.  Anion  of  metaamidobenzoic  acid,  CeH4C 34.6 

\coo 

Other  relations  were  pointed  out  by  Ostwald  for  the  organic  anions, 
but  for  these  his  original  paper  must  be  consulted. 

Migration  Velocities  of  the  Complex  Organic  Cations. — The  veloc- 
ities of  many  organic  cations  were  calculated  from  the  conductivities 
of  salts  of  the  organic  bases  by  a  method  strictly  analogous  to  that 
already  discussed  for  the  anions  of  organic  acids.  The  value  of  fi^ 
for  a  salt  of  the  base  was  determined  directly  by  the  conductivity 
method,  the  velocity  of  the  anion  of  the  salt  subtracted,  and  the  re- 
mainder, from  the  law  of  Kohlrausch,  is  the  velocity  of  the  cation. 
Some  of  the  relations  which  obtain  for  the  cations  are  similar  to 
those  already  pointed  out  for  the  anions.  A  few  of  these  will  be 
referred  to,  but  for  a  full  discussion  of  this  subject  reference  must 
be  made  to  the  elaborate  investigation  of  Bredig.^ 

The  more  complex  the  cation,  the  slower  its  velocity. 

^  Veloottt 

Ammonium,  NH4 70.4 

+ 
Metbylammonium,  CHsNHg 67.6 

Ethylammoniom,  C2H5NH8 46.8 

Isomeric  ions  which  have  analogous  constitution  have  approxi- 
mately the  same  velocities. 

^  Vblocitt 

Propylammonium,  CH8CH2CH2NH8 40.1 

Isopropylammonium,     '^^CH  — NHs 40.0 

If  they  differ  greatly  in  constitution,  isomeric  ions  usually  have 
different  velocities. 

Vbiocitt 

Trimethylpropylammonium,  (CH8)8C8H7N 36.2 

Dimethyldiethylammonium,  (CH8)2(C2H5)2N        ....    38.2 

The  effect  of  constitution  may  in  some  cases  overcome  that  of 
composition,  and  the  more  complex  ion  move  the  faster. 

^  Loc.  cit. 
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Melhjtdiethyli 
Dimethfldletbyli 


CH,(C,H,),NH    . 

(CHj)j  (CjHOiN 


This  laat  example  serves  also  to  illustrate  another  fact.  The 
more  symmetrical  tlie  auhstitution  or  the  more  symmetrical  the  ion, 
the  swifter  its  movement.  The  second  ion,  although  more  complex 
than  the  first,  is  more  symmetrical  and  has  a  greater  velocity. 

Effect  of  Presaore  on  the  Conduotirity  of  Solntiona.  —  The  effect 
of  pressure  on  the  conductivity  of  solutions  was  studied  by  Fanjung.' 
The  pressure  was  produced  by  means  of  a  Cidlletet  pump.  We 
should  expect  that  whatever  the  effect  of  pressure  on  the  amount  of 
dissociation  of  the  compound,  it  would  increase  the  friction  oa  tlie 
ioDS  as  they  move  through  the  electrolyte,  and  consequently  diminish 
the  conductivity.  The  fact  is,  the  conductivity  is  increased  by 
pressure. 

This  ia  shown  by  the  following  example :  — 


Since  conductivity  is  conditioned  both  by  the  number  of  ions 
present  and  the  velocity  with  which  they  move  through  the  solu- 
tion, an  increase  in  conductivity  may  be  due  to  either  of  two  causeS) 
an  increase  in  the  amount  of  dissociation,  or  an  increase  in  the  veloc- 
ity with  which  the  ions  move.  To  determine  which  of  these  influ- 
ences was  at  work,  Fanjung  took  solutions  which  were  so  dilute  that 
they  were  completely  dissociated,  and  studied  the  effect  of  pressure 
on  their  conductivity.  In  these  cases  the  conductivity  was  increased 
by  pressure. 

It  is  obvious  that  in  all  such  cases  the  effect  of  pressure  is  not 
to  increase  the  dissociation,  since  it  is  complete  at  ordinary  pressure. 
The  increase  in  the  conductivity  must,  therefore,  be  due  to  an  in- 
crease in  the  velocity  with  which  the  ions  move. 

'  Ztschr.  ph<js.  Chem.  14.  873  (18(H). 
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By  comparing  the  amount  of  increase  in  conductivity  with  press- 
ure, in  the  case  of  completely  dissociated  solutions,  with  the  increase 
in  the  conductivity  with  pressure  when  the  dissociation  is  not  com- 
plete, we  seem  to  be  justified  in  concluding  that  the  effect  of  press- 
ure in  all  cases  is  to  increase  the  velocity  of  the  ions  and  not  their 
number. 

Isohydric  Solutions.  —  If  we  mix  two  solutions  of  electrolytes, 
the  conductivity  of  the  mixture  is  not  in  general  the  mean  of  the 
conductivities  of  the  constituents,  but  is  usually  less.  There  are, 
however,  concentrations  at  which  solutions  of  electrolytes  can  be 
mixed  without  affecting  each  other's  conductivities.  This  fact  was 
known,  but  no  satisfactory  explanation  was  offered  until  the  problem 
was  taken  up  by  Arrhenius.^  He  worked  with  acids,  and  showed 
that  when  a  solution  of  an  acid  is  mixed  with  a  solution  of  another 
acid  of  a  certain  concentration,  the  conductivity  of  the  mixture  is 
the  mean  of  the  conductivities  of  the  two  solutions.  Such  solutions 
Arrhenius  termed  isohydric.    They  are  defined  by  him  *  as  follows :  — 

"  Two  solutions  of  acids  are  isohydric  whose  conductivity,  or,  in 
other  words,  whose  electrolytic  dissociation  is  not  changed  if  they 
are  mixed." 

The  conditions  which  must  be  fulfilled  in  order  that  two  solutions 
containing  a  common  ion  may  be  isohydric,  have  been  worked  out  by 
Arrhenius,'  assuming  that  each  electrolyte  is  partly  dissociated  into 
ions :  — 

"Given  two  acids  H^A  and  H^B,  dissolved  in  water,  the  vol- 
umes of  the  solutions  being  respectively  F.  and  F5.  Of  the  acid 
H^A  let  a  gram-molecules  be  undissociated,  and  a  gram-molecules 
dissociated  into  the  ions  mH  and  A.  Let  the  corresponding  symbols 
for  the  acid  ffn^,  be  b  and  p, 

"In  consequence  of  the  analogy  between  matter  in  very  dilute 
solution  and  in  the  gaseous  condition,  recognized  by  Van't  Hoff, 
the  following  equations  hold  for  the  original  solutions :  — 

and  K,±^<^^\A  (la) 

where  JT.  and  K^  are  two  constants  independent  of  the  values  a,  a, 
F.  and  6,  ft  F5. 

1  Wied.  Ann,  80,  51  (1887). 

»  Ztschr.  phys.  Chem.  2,  284  (1888). 
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"  These  equations  express  the  existence  of  eqiiiUbrimii  between  the 
concentrations  of  the  unilissociated  parts  (  —  and -— J,  and  the  con- 


inthe       I 


centratioua  of  the  ions  [ 


-  and 


r  >     y   "^^  IT-  }■ 


If  the  solutions 


are  isohydric,  the  dissociated  part  (a),  and  consequently  the  undisso- 
ciated  part  (a),  will  undergo  no  change  on  mixing.  If  the  solutions 
are  sufficiently  dilute,  the  volume  after  the  mixing  will  be  P",  +  Vt, 
and  the  number  of  hydrogen  ions  (ma  +  nff).  Thei-efore,  we  have 
the  following  equations  :  — 


^.7 


I 

I 


'r.+  v,    \v.+  vj  ■ 

"  From  (1)  and  (2)  we  have : 


and  from  (la)  and  (2a) 


"  These  two  equations  lead  to  the  same  result,  viz.,  that 


(2) 
(2a) 


w 


w 


"  The  fact  that  these  two  equations  give  the  same  solution,  shows 
that  if  the  electrolytic  dissociation  of  the  solution  of  the  one  acid 
is  not  changed  by  mixing  the  two  solutions,  the  same  holds  for  the 
dissociation  of  the  other  solution," 

As  Arrhenius  points  out,  equation  (4)  also  shows  that  solutions 
of  two  acids  are  isohydric  if  they  contain  in  unit  volume  the  same 
number  of  hydrogen  ions.  And,  further,  that  two  solutions  are  iso- 
hydric if  they  have  certain  definite  concentrations,  and,  therefore, 
this  is  independent  of  the  amount  of  either  solution  mixed  with  the 
other.  Isohydric  solutions  can  be  mixed  in  any  proportion  without 
destroying  their  isohydric  nature. 

The  discovery  of  the  nature  of  isohydric  solutions  is  of  consid- 
erable importance  in  physical  chemistry.     It  comes  into  play  espe- 
cially in  connection  with  problems  in  chemical  equilibrium,  and  the 
conditions  which  must  be  fulfilled  in  order  that  equilibrium  i 
exist. 
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The  Conditioii  of  Doable  Salts  in  Solutioii.  —  One  other  appli- 
cation of  the  conductivity  method  to  aqueous  solutions  must  be 
considered  before  this  section  is  closed.  The  question  as  to  the 
condition  of  double  salts  in  solution  has  been  repeatedly  the  object 
of  investigation.  Do  double  salts  like  the  alums,  double  halides, 
etc.,  break  down  in  water  into  their  constituent  salts,  and  then  these 
constituents  undergo  dissociation  as  if  they  were  alone,  or  do 
the  double  salts  dissociate  as  if  they  were  salts  of  complex  acids  ? 
This  difference  can  be  made  clear  by  the  following  example.  Does 
the  compound  K2Cdl4.  break  down  into  2  KI  and  Cdlj,  and  then 

these  undergo  electrolytic  dissociation  into  their  ions,  or  does  it 

+      +         = 
dissociate  at  once  into  K  +  K  +  Cdl^  ? 

This  can  be  decided  by  the  conductivity  method.  If  they  break 
down  as  first  suggested,  the  conductivity  of  the  double  salt  would 
be  the  sum  of  the  conductivities  of  the  constituents  at  the  same 
concentration,  less,  of  course,  the  effect  of  each  salt  on  the  dis- 
sociation of  the  other  due  to  the  fact  that  the  solutions  are  not 
isohydric. 

If  they  dissociate  as  salts  of  complex  acids,  the  conductivity  of 
the  double  salt  would  be  much  less  than  the  sum  of  the  conductivities 
of  the  constituents,  since  the  number  of  ions  in  the  solution  would 
be  much  less.  Among  those  who  have  applied  the  conductivity 
method  to  this  problem  are  Grotrian,*  Arrhenius,*  Klein,*  and  Kis- 
tiakowsky.*  Four  investigations  on  this  problem  have  been  carried 
out  recently  in  this  laboratory  by  Mackay,*  Ota,*  Knight,^  and  Cald- 
well.* The  general  result  obtained  is  that  double  salts  break  down 
in  concentrated  aqueous  solution  to  some  extent  as  if  they  were  salts 
of  complex  acids.  As  the  dilution  increases  the  complex  ions  break 
down  more  and  more,  until  at  very  great  dilution  they  are  completely 
dissociated  into  the  simplest  possible  ions,  just  like  their  constituents. 
The  effect  due  to  the  solutions  not  being  isohydric  is  determined  by 
studying  mixtures  of  salts  which  cannot  combine  and  form  double 
salts. 

The  Conductivity  of  Fnsed  Electrolytes.  —  We  have  seen  that 
aqueous  solutions  of  acids,  bases,  and  salts  conduct  the  current 
to  a  greater  or  less  extent,  and  are,  therefore,  electrolytes.  The 
question  remains  whether  the  substances  would  conduct  under  any 

1  Wied.  Ann.  18, 177  (1883).  ^Amer,  Chem.  Joum.  19,  83  (1897). 

2  Thid.  80,  51  (1887).  ^  Ihid.  32,  5  (1899). 
^Ihid.  27,  151  (1886).  ^  Ihid.  22,  110  (1899). 
*  Zischr.  phys,  Chem.  6,  97  (1890).  •  Ibid.  25,  349  (1901). 
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conditiona  in  the  pure  state,  if  there  waa  no  water  present?  if 
they  do  not  conduct  in  the  solid  state,  would  they  conduct  when 
fnaed  ?  This  has  been  repeatedly  investigated.  The  work  of 
Poincar^'  and  Bouty'  on  this  problem  is  very  important,     They 


devised  a  special  method  and  appli 
salts.  They  determined  the  speci 
lated  the  molecular  conductivities 


it  to  a  large  number  of  fused 
fie  conductivities  and  also  calcu- 
n  a  number  of  cases,  knowing  the 


specific  and  molecular  volumes  of  the  fused  salts.  A  few  results  are 
given,  the  molecular  conductivities  being  expressed  in  reciprocal 
ohms,  to  show  the  order  of  magnitude  of  th^  conductivity  of  fused 
salts. 


T«P. 

-. 

Tmp, 

M 

KNO,      . 

360° 

38.7 

CaCl,    .         .         . 

750° 

68.8 

AgNO,    . 

350° 

ao.2 

KBr      . 

760° 

79.* 

MHiNO, . 

200" 

23.3 

KI         .        .        . 

060= 

73,8 

NaCl        . 

760' 

120.8 

Nal       .        .        . 

650° 

130.1 

These  results  show  that  heat  as  well  as  water  can  dissociate  elec- 
trolytes to  a  very  considerable  extent 

In  connection  with  the  conductivity  of  fused  electrolytes  we  should 
mention  also  the  work  of  Graetz.'  He  found  a  very  marked  con- 
ductivity for  the  halogen  compounds  of  cadmium,  zinc,  lead,  copper, 
and  tin.  He  studied  their  conductivities  below  their  melting-points, 
and  found  that  the  solid  substances  at  high  temperatures  showed 
very  marked  conductivity.  With  certain  salts  this  increased  reg- 
ularly up  to  and  through  the  melting-point.  With  others  the  in- 
crease is  very  rapid  near  and  at  the  iiielting-point. 

W.  Kohlrausch'  showed  that  the  halogen  salts  of  silver  have  a 
marked  conductivity  long  before  the  melting-point  is  reached.  The 
chloride  and  bromide  show  regular  conductivity  up  to  and  through 
the  melting-point,  but  the  conductivity  increases  rapidly  with  tem- 
perature after  the  salt  has  fused.  Silver  iodide  behaves  abnormally ; 
its  conductivity  increases  slowly  with  increasing  temperature  above 
the  melting-point,  but  for  a  long  distance  below  the  melting-point 
the  conductivity  decreases  very  slowly.  The  conductivity  does  not 
decrease  rapidly  until  a  temperature  as  low  as  160°  is  reached. 


'  Ann.  Chim.  Phys.  [fl],  17,  62  ( 
*md.B.  21,  289  {1890). 


•  Wii-d.  Ann.  «,  IB  (188 

*  Ibid.  IT,  042  (18S2). 


ELECTROCHEMISTRY  367 

DISSOCIATING  ACTION   OF  WATER  AND  OTHER   SOLVENTS 

Demonstration  of  the  Presence  of  Free  Ions  in  Solution. — As  our 

subject  has  developed,  we  have  studied  a  number  of  lines  of  evidence 
bearing  upon  the  theory  of  electrolytic  dissociation.  In  nearly  every 
case  the  correctness  of  the  theory  as  expressing  a  great  general  truth 
of  nature  has  been  established.  This  large  body  of  evidence  would, 
however,  be  greatly  strengthened  if  some  direct  demonstration  of  the 
presence  of  free  ions  in  solution  could  be  furnished.  This  has  been 
done  by  Ostwald  and  Nernst.'    Their  experiment  is  as  follows :  — 

A  glass  tube  30  to  40  cm.  in  length,  provided  with  a  stopcock,  was 
drawn  out  at  one  end  to  a  fine  capillary.  The  diameter  of  the  capil- 
lary was  such  that  when  the  tube  was  filled  with  mercury,  it  would 
begin  to  flow  out  of  the  fine  point.  The  tube  was  fastened  upright, 
and  its  tip  allowed  to  dip  in  dilute  sulphuric  acid.  The  mercury 
was  then  drawn  up  into  the  capillary,  and  the  acid  drawn  in  after  it. 
By  means  of  the  stopcock,  the  surface  of  contact  between  the  mercury 
and  the  acid  could  be  kept  about  the  middle  of  the  capillary.  A  plat- 
inum wire  fused  into  the  glass  tube  connected  with  the  mercury. 

A  large  glass  flask  was  filled  with  dilute  sulphuric  acid.  Its  outer 
surface  was  covered  with  tinfoil,  and  its  neck  varnished  with  shellac. 
The  contents  of  the  flask  were  connected  with  the  sulphuric  acid 
into  which  the  capillary  tube  dipped,  by  means  of  a  moist  cord.  The 
glass  flask  was  insulated,  by  placing  it  upon  a  plate  of  hard  rubber. 
The  outer  coating  on  the  flask  was  connected  with  the  positive  pole 
of  a  small  machine  for  generating  electricity ;  the  mercury  in  the 
tube  connected  with  the  earth.  When  the  machine  was  set  in 
motion,  the  meniscus  in  the  capillary  rushed  up  with  violence,  and 
at  the  same  time  several  bubbles  of  gas  separated,  which  broke  the 
thread  of  mercury  in  a  number  of  places.  This  is  nearly  the  verba- 
tim account  of  what  happened,  as  given  by  the  experimenters  them- 
selves. 

They  explain  the  facts  as  follows :  "  By  charging  the  coating  on 
the  outside  of  the  flask  with  positive  electricity,  the  negative  elec- 
tricity in  the  interior  is  attracted  and  held,  while  the  positive  is 
repelled.  The  latter  passes  through  the  thread  into  the  capillary 
electrode,  and  through  the  platinum  wire  in*  the  latter  to  the  earth. 
There  is  no  closed  current  present ;  the  entire  movement  of  electricity 
which  is  produced  is  the  result  of  induction."  * 

As  the  outer  coating  of  the  flask  becomes  charged  with  positive 

1  Ztgchr.phya,  Chem.  S,  120  (1889).  <  Ibid.  S,  122  (1880). 
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electricity,  the  ions,  80«  whlcli  carry  the  negative  charge,  are 
attracted,  the  positive  ioDs,  hydrogen,  are  repelled,  pass  over  the 
moist  cord  to  the  luercury,  give  up  their  charge,  and  appear  as 
ordinary  hydrogeu  gas. 

The  objection  could  be  raised  to  this  experimeut,  that  a  movement 
of  electricity  takes  place,  electrolytically,  through  the  glass,  and  that 
this  causes  the  separation  of  the  hydrogen.  The  authors  performed 
a  number  of  experiments  to  test  this  point,  and  convinced  themselves 
that  this  is  strictly  an  induction  phenomenon. 

They  worked  quaotitatively,  aa  far  as  possible,  determining  the 
amount  of  hydrogeu  which  separates  and  the  amount  of  the  electricity 
induced,  and  found  that  the  amount  of  gas  liberated  corresponded 
to  that  calculated  from  Faraday's  law  to  within  the  limit  of  experi- 
mental error.  They  concluded  that  movement  of  electricity  in  elec- 
trolytes, corresponding  to  Faraday's  law,  can  take  place  only  with 
a  simultaneous  movement  of  the  ions,  and  that  in  electrostatically 
charged  electrolytes  a  number  of  ions,  corresponding  to  the  amount 
of  electricity,  are  free. 

The  question  still  remains,  whether  the  ions  are  not  set  free  at 
the  moment  of  the  electrostatic  charging  of  the  tinfoil,  so  that  the 
separation  of  the  electricities  is  accompanied  by  a  kind  of  electrolysis 
in  the  interior  of  the  liquid.  Ostwald  and  Kernst  point  out  that 
Clauaius  has  shown  tliat  the  movement  of  electricity  in  electrolytes 
obeys  the  weakest  electromotive  impulses,  which  would  not  be 
possible  if  the  electricity  must  first  perform  an  appreciable  amount 
of  work.  They  then  show  that  such  an  assumption  is  against  the 
laws  of  thermodynamics. 

If  we  consider  all  the  precautions  which  Ostwald  and  Nemst 
have  taken,  it  seems  that  they  have  conclusively  proved  the  point, 
that  free  ioTis  exist  in  electrostatically  charged  electrolytes,  and 
that  these  are  not  set  free  at  the  moment  of  charging. 

Modes  of  Ion  Formation.  —  From  what  has  been  said  thus  far, 
the  impression  might  be  gained  that  ions  can  be  formed  from  mole- 
cules in  only  one  way  —  the  molecules  breaking  down  directly  into 
an  equivalent  number  of  anions  and  cations.  This  is  one  way  in 
which  ions  are  formed,  and  the  way  with  which  we  are  most  familiar, 
since  it  occurs  most  frequently.  The  following  examples  illustratB 
this  mode  of  ion  formation :  —  ^^ 

1.  HCl  =  H  +  CI,  H,SOj  =  H  +  H  +  SO,, 

NaOH  =  Na  +  OH,  Ba(OH),  =  Sa  +  OH  +  OH, 
KNO,  =  K  -I-  NO^       K^O.  =  K  +  K  + 
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Another  method  by  which  an  ion  can  be  formed  is  for  an  atom 
to  take  the  charge  from  an  ion,  converting  it  into  an  atom  —  the 
original  ion  becoming  an  atom.  Thus,  when  a  bar  of  zinc  is  dipped 
into  a  solution  of  copper  salt,  the  copper  which  was  present  in  the 
solution  as  an  ion  gives  up  its  two  charges  to  an  atom  of  zinc, 
becoming  an  atom;  while  the  zinc,  having  received  the  charges, 
becomes  an  ion.  This  is  the  well-known  precipitation  of  copper 
from  a  solution  by  zinc.  We  will  call  this  the  second  mode  of  ion 
formation. 

2.  Cu  4-  SO4  4-  Zn  =  Zn  4-  SO*  4-  Cu. 

All  that  occurs  is  a  transference  of  electricity  from  the  copper  to 
the  zinc.  This  is  exactly  analogous  to  what  takes  place  whenever 
one  metal  replaces  another,  as  it  is  said,  from  its  salts. 

Another  method  of  ion  formation  is  where  an  atom  of  one  sub- 

■ 

stance  passes  over  into  a  cation,  at  the  same  time  that  an  atom  of 
another  substance  passes  over  into  an  anion.  When  gold  is  dipped 
into  chlorine  water,  both  the  gold  and  chlorine  are  in  the  atomic  or 
molecular  condition.  But  under  these  conditions  the  gold  can  be- 
come a  cation,  and  the  chlorine  can  form  anions.  This  we  will  term 
the  third  method  of  ion  formation. 

3.  Au  4-  CI  4-  CI  4-  CI  =  Au  +  CI  4-  CI  4-  Ci. 

This  is  usually  expressed  by  saying  that  gold  dissolves  in  chlorine 
water. 

The  fourth  and  last  method  by  which  ions  are  formed  is  where 
an  atom  passes  over  into  an  ion,  at  the  same  time  converting  an  ion 
already  present  into  one  with  a  different  quantity  of  electricity  upon 
it.  Thus,  chlorine  brought  in  contact  with  ferrous  chloride  in  solu- 
tion, forms  an  anion,  at  the  same  time  converting  the  ferrous  ion 
into  a  ferric  ion. 

4.  Fe  4-  CI  4-  CI  4-  CI  =^¥e  4.  CI  4.  CI  +  CI. 

This  is  an  example  of  what  has  so  frequently  been  called  in  chem- 
istry, oxidation.  The  reverse  phenomenon  is,  of  course,  what  has 
been  termed  reduction.  In  this  sense  oxidation  is  simply  increasing 
the  number  of  charges  carried  by  an  ion,  and  reduction  is  diminish- 
ing the  number  of  such  charges. 

These  four  methods  of  ion  formation,  which  have  been  so  clearly 
pointed  out  by  Ostwald,*  include  all  the  cases  which  are  known.     If 

1  Lehrh.  d.  Allg.  Chem.  H,  786. 
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we  study  them  carefully  and  apply  them  to  chemical  reactions,  we 
shall  aee  that  they  tlirow  much  light  ou  many  problems  in  chemistry, 
the  meaning  of  which  has  hitherto  been  concealed  in  darkness. 

The  Ciuociatitig  Power  of  Different  Solvents.  —  Frequent  refer- 
ence has  been  made  to  the  power  of  water  to  dissociate  molecules 
into  ions.  From  this  the  conclusion  might  be  drawn  that  water  is 
the  only  solvent  which  has  this  power.  Such  is  not  at  all  the  case. 
Practically  all  liquids  have  the  power  of  dissociating  strong  acids 
and  bases,  and  salts,  when  dissolved  in  them.  But  they  possess 
this  property  to  a  very  different  degree.  We  should  be  familiar 
with  the  relative  dissociating  power  of  some  of  the  more  common 
solvents. 

The  same  methods  are  available,  at  least  theoretically,  for 
measuring  dissociation  in  non-aqueous  solvents  as  have  been  em- 
ployed with  water.  These  are,  as  will  be  remembered,  the  freezing- 
point,  boiling-point,  and  conductivity  methods.  The  freezing-point 
method,  however,  can  be  applied  to  only  a  few  solvents,  since  the 
freezing-points  of  most  liquids  are  either  too  high  or  too  low  to  come 
within  the  range  of  this  method.  The  boiling-point  method  for  a 
long  time  was  not  applied  to  the  problem  of  electrolytic  dissociation, 
because  it  was  not  regarded  as  sufficiently  accurate  to  give  results 
which  would  have  much  value.  This  method  Las  recently  been  ira. 
proved '  and  applied  to  the  determination  of  dissociation  iu  some  of 
the  alcohols,  with  a  fair  degree  of  success. 

The  conductivity  method  has  been  used  extensively  to  determine 
the  dissociating  power  of  a  large  number  of  solvents,  but  even  with 
this  method  a  serious  difficulty  is  encountered.  In  order  to  measure 
dissociation  by  the  conductivity  method,  it  is  not  only  necessary  to 
know  the  molecular  conductivity  of  the  solution  in  question,  but  the 
molecular  conductivity  at  complete  dissociation.  As  will  be  remem- 
bered, a  =  —-    To  determine  a,  it  is  necessary  to  know  both  ft,  and 

/i^.  The  great  difficulty  in  applying  the  conductivity  method  to 
measure  dissociation  in  a  solvent  with  smalt  dissociating  power,  lies 
in  obtaining  the  value  of  ^^.  Unless  the  solvent  has  very  great 
dissociating  power,  the  dilution  at  which  the  dissolved  substance  is 
completely  dissociated  is  so  great  that  the  conductivity  method  can- 
not be  applied  to  it.  To  determine  the  value  of  ^_  in  such  solvents 
it  is  necessary  to  make  some  assumption  which  often  has  not  been 
proved,  and,  consequently,  the  results  obtained  may  be  inaccurate  to 

1  Jones:  Zlschr.phyi.  CAem.  (Jabelhaod  zu  Van't  Ilo£0'31i  H*  (lBOff)fl 
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the  extent  of  several  per  cent.  Yet,  on  the  whole,  the  conductivity 
method  is  the  best  at  our  disposal  for  determining  approximately 
the  dissociating  power  of  a  large  number  of  solvents ;  and  the  results 
obtained  by  means  of  it  are  probably,  in  most  cases,  a  fair  approxi- 
mation to  the  truth. 

The  dissociating  power  of  a  few  of  the  more  common  solvents 
will  be  considered  a  little  more  in  detail.  Water  is  the  strongest 
dissociant  of  any  solvent  thus  far  known.  Its  dissociating  power 
has  been  determined  by  Kohlrausch,^  Ostwald,*  Bredig,*  and  a  large 
number  of  other  experimenters  using  the  conductivity  method ;  also 
by  Jones,*  Loomis,*  and  others,  working  with  the  freezing-point 
method. 

A  little  work  done  by  Bouty  •  on  nitric  acid  would  indicate  that 
its  dissociating  power  is  very  high,  but  the  data  are  too  few  up  to 
the  present  to  say  just  what  is  its  power  to  dissociate  electrolytes. 
Formic  add  has  been  shown  by  the  work  of  Zanninovich-Tessarin  ^ 
to  have  a  very  strong  dissociating  action.  A  comparison  with  aque- 
ous solutions  will  show  that  this  solvent  dissociates  salts  to  about 
three-fourths  the  extent  of  water. 

Methyl  alcohol  has  a  stronger  dissociating  power  than  any  other 
alcohol.  This  has  been  shown  by  the  work  of  many ;  but  especially 
by  that  of  Carrara,*  Vollmer,*  and  Zelinsky  and  Elrapiwin.*®  That  it 
has  high  dissociating  power  has  been  shown  also  by  the  work  of 
Jones  ^^  with  the  boiling-point  method.  Its  dissociating  power  is 
from  one-half  to  two-thirds  that  of  water. 

Ethyl  alcohol  dissociates  much  less  than  methyl  alcohol,  as  has 
been  shown  by  Vollmer,"  Carrara,"  Jones,"  and  others.  The  dissoci- 
ating power  of  ethyl  alcohol  is  not  more  than  half  that  of  methyl 
alcohol. 

Ammonia  in  the  liquid  state  has  been  shown  by  Franklin  and 
Kraus  ^  to  have  very  high  dissociating  power,  but  not  as  high  as  was 
first  supposed.  It  dissociates  to  about  one-third  to  one-fourth  the 
extent  of  water. 


»  Wied.  Ann.  26,  161  (1896). 
«  Ztschr,  phys.  Chem.  8,  170,  241,  869  (1899). 

«  Ibid,  18,  191,  289  (1894).  *  Ibid.  11,  110,  629  ;  12,  623  (1893). 

»  Wied.  Ann.  61,  600  (1894);  67,  495  (1896);  60,  623  (1897). 
«  Compt.  rend.  106,  696  (1888).  '  Ztachr.  phys.  Chem.  19,  26  (1896). 

«  Oazz.  chim.  ital.  26,  I,  119  (1896).  •  Wied.  Ann.  62,  328  (1894). 

M  Ztschr.  phys.  Chem.  21,  36  (1896).  "  Ibid.  31,  127  (1899). 

M  Loc.  cit  "  Lot.  cit.  "  Loc  ctt. 

1*  Amer.  Chem,  Journ.  20,  820,  838  (1898). 
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Sulphur  dioxide  in  the  liquid  condition  has  very  considerable 
disaooiating  power,  as  lias  been  shown  by  the  worlt  of  Walden.' 

Acetone  and  other  ketones  have  bfen  found  by  Carrara,'  Dutoit 
and  Aston,'  and  others,  to  have  considerable  dissociating  power  — 
acetone  effecting  ionization  to  a  greater  extent  than  any  other  ke- 
tone. Indeed,  it  is  a  general  rule  that  of  an  homologous  aeries  of 
componndB  the  lowest  member  has  the  highest  dissociating  power, 
and  this  power  decreases  as  the  members  become  more  and  more 
complex. 

Considerable  work  has  already  been  done  on  the  dissociating 
power  of  many  other  inorganic  and  organic  solvents.  The  hydrocar- 
bons and  their  niibntitutiaii  products,  the  ethers,  aldehydes,  ethereal  salln, 
etc.,  have  very  slight  dissociating  power. 

For  further  details  in  connection  with  the  dissociating  power  of 
solvents  reference  must  be  had  to  a  review  of  all  the  work  which 
has  been  done  up  to  the  present  on  non-aqueoua  solvents,  which  has 
just  been  prepared  by  Jones.' 

Abnormal  BeBnlta  obtained  in  ITon-aqneoiu  Solvents.  —  While 
the  conductivities  in  non-aqueous  solvents  follow  the  same  rules,  in 
general,  which  obtain  for  aqueous  solutions,  yet  exceptions  are  not 
wanting.  Thus,  it  is  a  general  ntle  in  aqueous  solutions  that  the 
molecular  conductivity  increases  with  the  dilution  of  the  solution  up 
to  a  certain  point,  where  it  becomes  constant.  There  are  several 
exceptions  to  this  general  relation,  already  discovered  in  non-aque- 
oua solvents.  Kablukoff'  has  shown  that  the  molecular  conductivity 
of  hydrochloric  acid  in  ether  decreases  with  increase  in  the  dilution 
of  the  solution,  and  hydrochloric  acid  dissolved  in  isoamyl  alcohol 
showed  the  same  phenomenon.  On  the  other  hand,  hydrochloric  acid 
dissolved  in  isobutyl  alcohol  gave  perfectly  nonnal  results.  Jones* 
found  results  similar  to  those  obtained  by  Kablukoff  with  sulphuric 
acid  in  acetic  acid.  The  molecular  conductivity  of  the  sulphuric 
acid  decreased  with  increase  in  the  dilution  of  the  solution.  The 
meaning  of  these  results  is  at  present  entirely  unknown, 

Abnormal  results  of  an  entirely  different  character  were  obtained 
i((  certain  mixed  nolventa.  When  Zelinsky  and  Krapiwin'  were 
measuring  the  conductivities  of  salts  in  methyl  alcohol,  it  occurred 
to  them  to  measure  their  conductivities  also  in  mixtures  of  methyl 

'  Ber.  d.  Chem.  Geaf.ll.  S2,  28(i-2  (1809). 

•  Gtut.  ehim.  ital.  27.  I.  207  (1807).  »  Conyit.  read,  1».  240  (1804). 

•  Ataer.  Chem.  Jovrn.  M,  232  (1901).     »  Ztachr.  phyi.  Chem.  4,  420  (1888^ 

•  Ibid.    18,  418  (18W).     Amer.  Chem.  Jourii.  IB.  1  (ISW). 
'  ZfwAr.  pftja.  Chem.  31,  36  (1896). 
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alcohol  and  water.  The  conductivities  in  water  are  considerably 
higher  than  in  methyl  alcohol  under  the  same  conditions  of  temper- 
ature and  concentration,  so  that  we  would  expect  the  conductivities 
in  a  mixture  of  the  two  solvents  to  be  higher  than  in  pure  methyl 
alcohol.  Exactly  the  opposite  was  found.  The  conductivity  in  a 
mixture  of  50  per  cent  alcohol  and  50  per  cent  water  was  less  than 
in  pure  methyl  alcohol,  as  will  be  seen  from  the  following  results  for 
potassium  bromide.  V  is  the  volume  or  number  of  litres  containing 
a  gram-molecular  weight  of  the  electrolyte.  The  molecular  conduc- 
tivities (/A,)  in  pure  water,  in  pure  methyl  alcohol,  and  in  50  per 
cent  water  and  50  per  cent  alcohol  are  g^ven  in  the  three  columns :  — 

Potassium  Bromide 


Watbb 

Mbthtl  Alcohol 

OkS-HALP   WaTKH  AMD 

Oms-half  Mktbtl  Alcohol 

16 

123.1 

M» 

59.82 

32 

127.6 

69.02 

62.46 

64 

130.6 

76.70 

65.36 

128 

132.9 

83.60 

67.11 

256 

136.4 

88.96 

69.26 

612 

140.2 

93.26 

70.53 

1024 

143.4 

97.26 

The  presence  of  the  water  in  the  methyl  alcohol  decreases  very  con- 
siderably the  conductivity  of  the  dissolved  salt  The  meaning  of 
this  very  surprising  result  is  at  present  also  entirely  unknown. 

Relation  between  the  Dissociating  Power  and  Other  Properties  of 
Solvents.  —  Attempts  have  been  made  to  discover  relations  between 
the  dissociating  power  and  other  properties  of  solvents.  J.  J.  Thom- 
son,* and  a  little  later  Nemst,*  have  pointed  out  that  if  the  forces 
which  hold  the  atoms  in  the  molecule  are  of  an  electrical  nature, 
those  solvents  which  have  the  highest  dielectric  constant  should 
have  the  greatest  dissociating  power.  The  work  which  has  thus  far 
been  done  shows  that  this  is,  in  general,  true.  There  is  not,  how- 
ever, a  proportionality  between  the  dielectric  constants  and  the 
ionizing  power  of  solvents.  The  exact  relation  between  the  two  has 
not  yet  been  pointed  out,  nor  can  we  hope  to  discover  it  until  we 
(;an  measure  dissociation  in  non-aqueous  solvents  far  more  accurately 
than  is  possible  at  present. 

1  FhiL  Mag.  86,  320  (1893).  ^  Ztschr.  phys.  Chem.  18,  531  (1894). 
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An  entirely  different  relation  has  been  suggested  by  Dutoit  and 
Aston.'  It  is  well  known,  esjiecially  from  the  work  of  Ramsay  and 
Shields,^  that  in  many  liquids  the  molecules  are  not  the  simpleat 
possible,  but  are  aggi-egates  of  these  simplest  molecules  of  TaiioaB 
degrees  of  complexity — the  liquid  molecules  are  polymerizations  of 
the  simplest  gas  molecules.  The  relation  sug^sted  by  Dutoit  and 
Aston  is  that  in  only  those  solvents  which  are  polymerized  do  dis- 
solved substances  conduct  the  current.  That  there  is  a  relation 
between  the  amount  of  polymerization  and  the  dissociating  power  of 
a  solvent  was  shown  in  a  number  of  cases  by  Dutoit  and  Aston,  and 
in  a  number  of  other  cases  by  Dutoit  and  Friderich.*  The  latter 
concluded  that  the  values  of  ^^  for  a  given  electrolyte  in  different 
solvents  are  a  direct  function  of  the  degree  of  polymerization  of  the 
solvents,  and  an  inverse  function  of  their  coefficients  of  viscosity. 
If  a  solvent  is  not  polymerized  at  all,  its  solutions  are  all  non<on- 
ductors. 

There  is  undoubtedly  some  truth  in  this  relation.  Water,  the 
strongest  dissociant  known,  represents  the  highest  degree  of  poly- 
merization of  any  known  liquid.  Its  molecule,  according  to  Ramsay 
and  Shields,  is  to  be  represented  by  (HjO),.  Formic  acid  and  methyl 
alcohol  come  next  in  order  of  polymerization,  and  as  we  have  seen, 
they  stand  next  to  water  in  dissociating  power.  Those  substances, 
on  the  other  hand,  which  have  slight  ionizing  power  show  very- 
slight  polymerization  of  their  molecules. 

BrUhl'  attempts  to  go  one  step  farther.  He  thinks  that  oxygen, 
is  generally  quadrivalent,  and  that  water  and  other  liquids  contain- 
ing oxygen  are  unsaturated  compounds.  This  explains  according  to 
Briihl  their  polymerization,  tlieir  large  dielectric  constant,  and  their 
high  dissociating  power. 

Electrolytic  SisBociation  and  Chemical  Aotivity. — We  have  seen 
that  most  solvents  are  capable  of  breaking  down  to  some  extent  into 
their  ions  strong  acids  and  bases,  and  salts.  We  have  also  seen 
that  heat  can  effect  electrolytic  dissociation.  \Vben  we  remember 
that  some  acid,  base,  or  salt,  is  used  in  almost  every  chemical  re- 
action, we  shall  see  that  ions  are  almost  always  present  whenever 
chemical  action  takes  place.  It  is  true  also  that  in  most  chemical 
reactions  molecules  are  likewise  present.  These  facts  would  natu- 
rally raise  the  question  whether  chemical  reaction  is  due  directly  to 

'  Cnmpt.  rend.  125,  240  (1BB7). 
»  Zlschr.  phys.  Chem.  l».  433  (ISftl). 
"  Bull.  Soc.  Chim.  [8],  IB,  3M1  (IB88). 
*  Ztachr.  phffi.  Chem.  18,  514  (18D6). 
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the  ions  or  to  molecules.  We  cannot  answer  this  offhand,  since 
under  ordinary  conditions  we  have  both  ions  and  molecules  present. 
We  must,  on  the  one  hand,  exclude  the  molecules,  having  nothing 
but  ions  present;  and  then  see  whether  we  have  any  chemical 
activity  between  the  ions.  On  the  other  hand,  we  must  exclude  the 
ions,  having  only  molecules  present,  and  then  see  whether  we  have 
any  chemical  activity. 

The  first  part  of  the  problem  is  solved  by  working  with  strong 
acids  and  bases,  and  salts,  in  very  dilute  solutions.  Under  these 
conditions  we  know  that  all  the  molecules  are  broken  down  into 
ions.  We  know  that  it  is  under  just  these  conditions  that  the  acids, 
bases,  and  salts  have  the  greatest  chemical  activity.  We  do  not,  of 
course,  mean  that  a  thousandth  normal  solution  of  an  acid  has 
greater  chemical  activity  than  a  normal  solution,  but  that  it  has 
more  than  one-thousandth  the  activity.  In  a  word,  the  strength  of 
electrolytes  increases  with  the  dilution  up  to  a  certain  point,  which 
represents  complete  dissociation. 

The  experimental  solution  of  the  second  part  of  the  problem  is 
not  so  simple,  because  it  is  difficult  to  obtain  substances  which  exist 
entirely  in  the  molecular  condition  free  from  ions.  This  is  due 
chiefly  to  the  difficulty  of  removing  every  trace  of  water  from  the 
presence  of  substances,  and  wherever  water  is  present  we  are  liable 
to  have  molecules  dissociated  into  ions.  This  has,  however,  been 
accomplished  in  a  number  of  cases,  by  taking  very  special  pre- 
cautions to  dry  the  substances  themselves,  and  also  the  atmosphere 
around  them.  Having  removed  every  trace  of  all  dissociating 
agents,  it  only  remained  to  bring  the  molecules  of  substances  into 
the  presence  of  one  another  and  to  see  whether  they  reacted  or  not. 
A  few  of  the  most  striking  results  which  have  been  obtained  will 
be  given. 

Wanklyn  *  showed  that  dry  chlorine  does  not  act  on  fused  metal- 
lic sodium. 

Baker'  found  that  sulphur,  boron,  amorphous  and  ordinary 
phosphorus,  do  not  bum  in  dry  oxygen. 

Hughes*  demonstrated  that  dry  hydrochloric  acid  does  not  de- 
compose carbonates  to  any  appreciable  extent. 

Marsh  ^  has  shown  that  pure  sulphuric  acid,  free  from  every 
trace  of  moisture,  has  no  action  on  blue  litmus.  Similar  results 
have  been  obtained  with  dry  hydrochloric  acid. 

1  Chem.  News,  80,  271  (1869).  «  JPhU.  Mag.  84,  117  (1892). 

>  Phil.  Trans.  571  (1888).  «  Chem.  New,  61,  2  (1890). 
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Hughes'  fouud  that  dry  hydrogen  sulphide  does  not  act  on  (try 
metallic  oxides,  aiid  does  not  precipitate  a  solution  of  mercuric 
chloride  in  absolute  alcohol,  It  should  be  stated  that  mercuric 
chloride  is  one  of  a  few  salts  which  is  only  slightly  dissociated  by 
water.     It  is  not  dissociated  at  all  by  absolute  alcohol. 

The  most  astonishing  experiments  are,  however,  the  following : 
Hughes'  stated  that  when  ammonia  is  dried  over  lime,  and  hydro- 
chloric acid  is  dried  over  phosphorus  pentoxide,  the  two  would 
remain  in  the  presence  of  each  other  for  twenty-four  hours  nncom- 
bined.  Baker'  dried  both  gaaes  very  carefully  over  phosphorus 
pentoxide,  and  brought  them  together  in  such  a  form  of  apparatus 
that  any  change  in  volume,  however  slight,  could  be  readily  ob- 
served. He  found  that  perfectly  dry  ammonia  is  entirely  without 
action  on  perfectly  dry  hydrochloric  acid.  Although  the  conclusion 
of  Baker  was  called  in  question  by  Gutmaun,'  it  has  since  been 
established  beyond  question  by  Baker'  himself. 

One  other  experiment  in  this  connection.  An  experiment  was 
performed  before  the  Chemical  Society  of  London'  in  which  a  piece 
of  dry  metallic  sodium  was  plunged  into  pure,  dry  sulphuric  acid.  A 
piece  of  wire,  serving  aa  a  handle,  was  wrapped  aroiuid  the  metallic 
sodium.  At  first  there  was  a  flash  of  light,  then  the  sodium  remained 
perfectly  quiescent  in  the  sulphuric  acid.  The  reaction  at  first  was 
due  to  a  few  ions  formed  on  the  surface  of  the  metal  by  the  moisture 
of  the  air,  to  which  it  was  exposed  for  an  instant  before  it  was 
plunged  into  the  sulphuric  acid. 

It  is  needless  to  add  that  in  all  the  experiments  just  described, 
very  special  precaution-s  must  be  taken  to  dry  all  the  "substances  in 
question.  The  ordinary  methods  of  drying  are,  of  course,  entirely 
insufiicient 

These  experiments  show  conclusively  that  molecules  as  audi 
have  little  or  no  chemical  activity,  and  taken  along  with  the  pre- 
ceding experiments,  show  that  ions  are  the  chief  if  not  the  only 
agents  which  bring  about  chemical  activity.  We  have  already 
reached  a  point  where  we  can  say  that  nearly  all,  if  not  all  chemical 
reactions  are  due  to  ions,  molecules  as  sncli  not  entering  into  chemi- 
cal action.  The  molecules  which  are  present  gradually  dissociate 
as  the  reaction  proceeds,  and  furnish  ions  which  then  reitet. 

We  can  now  see  why  inorganic  reactions  in  general  proceed  to 


'  PhU.  Mag.  SS,  631  (1803).  *  Lieb.  Ann.  99S,  1,  287  (IBIB). 

'  iMc.  cit.  '  Jottrn.  Chrm.  Sno.  73,  423  (18118). 

•  Joxrn.  Chfm.  Soc.  66,  (III  (I8W).       °  Froi-eed.  Chem.  Sot.  (18M).  p,  86. 
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the  limit  rapidly,  while  organic  reactions  take  place  much  more 
slowly.  Inorganic  compounds,  including  the  strong  acids  and 
bases,  and  salts,  are  in  general  strongly  dissociated  substances. 
The  ions  are  already  present  and  they  react  very  rapidly.  Organic 
compounds,  on  the  other  hand,  are  weakly  dissociated.  There  are 
only  a  few  ions  present,  and  considerable  time  is  required,  under 
ordinary  conditions,  for  the  dissociation  to  proceed  very  far. 


ELECTROMOTIVE  FORCE  OF  PRIMARY  CELLS 

Measurement  of  Eleotromotiye  Force.  —  Certain  forms  of  appara- 
tus and  cells  used  in  measuring  electromotive  force  must  be  de- 
scribed. More  than  one  form  of  the  Lippmann  electrometer  has  been 
devised.  The  form  described  by  Le  Blanc  *  is  very  convenient  for 
ordinary  purposes.     It  was  devised  by  Ostwald. 


Fio.  47. 

The  glass  tube  d  (Fig.  47)  is  filled  to  a  convenient  height  with 
mercury,  which  penetrates  into  the  capillary  c.  The  bottom  of  the 
tube  b  is  covered  with  mercury,  and  then  filled  with  a  ten  per  cent 
solution  of  sulphuric  acid,  which  also  penetrates  into  the  capillary  c. 
The  apparatus  is  supported  on  a  wooden  stand,  and  the  position  of 
the  meniscus  between  the  mercury  and  the  sulphuric  acid  regulated 
by  means  of  the  thumb-screw  /.  A  platinum  wire,  sealed  into  a 
glass  tube  and  projecting  beyond  the  sealed  end,  dips  into  the  mer- 
cury in  b.  A  platinum  wire  dips  into  the  mercury  in  d.  Beneath 
the  capillary  c  is  a  scale  divided  into  centimetres  and  millimetres. 
If  the  two  platinum  wires  are  brought  in  contact,  the  mercury  will 
take  a  definite  position  in  the  capillary,  which  can  be  regarded  as 

1  Ztschr.  phys,  Chem.  5,  471  (1800). 
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the  zero  for  the  instniment.  If  the  iustrument  is  uow  thrown  into 
a  circuit,  there  will  be  a  difference  in  potential  between  the  two 
wires,  and  the  mercury  will  be  displaced  in  the  capillar;  in  one 
direction  or  the  other,  depending  upon  the  direc- 
tion of  the  current.  The  amount  of  this  dis- 
placement, depending  upon  the  difference  io  the 
potential  of  the  two  wires,  is  used  to  measure 
differences  in  potential.  By  tliis  means  differ- 
ences in  potential  can  be  measured  to  a  few 
thousandths  of  a  volt.  Ostwald  has  given  the 
Lippmaun  electrometer  other  forms. 

The  vertical  form  is  very  convenient  for  use 
with  a  small  microscope,  which  is  employed  in 
reading  the  scale  divisions.  A  more  sensitive 
form  of  the  Lippmann  electrometer  is  shown  in 
Fig.  48.  The  capillary  is  dra^-n  out  very  fine, 
and  by  means  of  a  suitable  microscope  it  is  pos- 
sible to  read  the  differences  in  potential  to  a  few 
ten-thousandths  of  a  volt. 

The  movement  of  the  mercury  in  the  capillary 
■when  the  current  passes  is  due 
to  the  change  in  the  surface- 
tension  produced  by  the  cur- 
rent. 

The  form  of  resistance  box, 
which  is  very  convenient  for 
measuring  the  electromotive 
force  of  elements,  is  shown  in  Fig.  49.  On  the 
left  side  of  the  bos  are  ten  metal  plugs  connected 
by  wires,  each  having  a  resistance  of  ten  olims. 
On  the  right  side  are  ten  plugs  connected  by 
wires,  having  a  resistance  of  one  hundred  ohms 
each.  The  two  end  plugs  on  this  side  are  con- 
nected by  a  strip  of  metallic  copper,  which  has 
practically  nO  resistance.  The  total  resistance  of 
the  box  is,  then,  one  thousand  ohms. 

A  number  of  norma!  elements  have  been  devised 
and  used.     The  best  known  of  these  is  the  Clark 
element.     It  consists  of  mercury  over  which  is  placed  a  thick  paste 
of  mercurous  sulphate.     Above  this  is  a  thick  paste  of  zinc  sulphate 
into  which  a  zinc  bar  is  immersed,  serving  as  the  second  pole.     This 
element  has  an  electromotive  force  of  1.4328  volts  —  0.0012  (1—16°), 
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t  being  the  temperature  at  which  the  element  is  used.  The  objection 
to  this  element  is  that  its  temperature  coefficient  is  so  large. 

The  Weston  element  has  the  advantage  that  its  temperature  co- 
efficient is  practically  zero.  It  consists  of  mercury  covered  with  a 
paste  of  mereurous  sulphate,  and  above  this  a  paste  of  cadmium  sul- 
phate, into  which  a  bar  of  cadmium  dips.  Its  electromotive  force  is 
1.0186  volts. 

Ostwald*  recommends  the  use  of  a  one  volt  dement  prepared  as 
follows  from  the  Helmholtz  calomel  element.  Mercury  is  covered 
with  mereurous  chloride.  Upon  this  is  poured  a  solution  of  zinc 
chloride  having  the  specific  gravity  1.409,  and  into  this  solution  is 
dipped  a  bar  of  amalgamated  zinc.  Its  electromotive  force  at  ordi- 
nary temperatures  is  just  one  volt,  and  its  temperature  coefficient 
is  very  small  —  0.00007  volt  per  degree.  Such  an  element  must 
be  compared,  however,  with  a  standard  Clark  or  Weston  element 
The  measurement  of  electromotive  force,  by  means  of  the  apparatus 
just  described,  is  comparatively  a  simple  matter.  The  method  con- 
sists in  balancing  the  electromotive  force  of  the  element  in  question 
against  that  of  a  standard  element.  It  is  known  as  the  compensotr 
tion  method  of  Poggendorff. 

This  method  will  be  readily  understood  from  Fig.  50.  An  ele- 
ment of  constant  electromotive  force  is  placed  at  (7,  and  connected 
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Fig.  60. 


with  the  two  end  plugs  of  the  resistance  box  just  described.  There 
is  a  definite  fall  in  potential  as  the  resistance  increases  from  plug  to 
plug  along  the  box.  The  element  whose  electromotive  force  is  to  be 
measured  is  placed  at  E,  and  connected  with  the  plugs  in  the  box  by 
means  of  metallic  caps,  which  fit  tightly  over  the  plugs.  The  caps 
are  moved  from  plug  to  plug,  until  the  electromotive  force  to  be 


1  Ztschr.phys,  Chem.  1,  406  (1887). 
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measured  is  equal  to  the  drop  iu  the  potential  of  the  original 
rent  caused  by  the  reaistauce  in  the  box.  This  equality  is  estab- 
lished by  means  of  the  Lippuiann  electrometer.  These  two  equal 
values,  being  opposite  iu  character,  completely  compensaM  each 
other,  and  there  is  no  movement  of  the  mercury  iu  the  electrometer. 
When  larger  electromotive  forces  are  to  be  balanced,  one  or  more 
one-volt  elements  may  be  introduced  into  the  circuit  with  the  ele- 
ment E. 

It  is  necessary  to  determine,  for  any  given  element,  the  drop  in 
potential  from  plug  to  plug  along  the  box.  This  is  accomplished 
by  introducing  a  standard  element  —  say  a  one-volt  element  —  into 
the  aeeondary  circuit,  and  moving  the  caps  from  plug  to  plug  until 
the  electrometer  shows  complete  compensation.  Knowing  the  elec- 
tromotive force  of  the  standard  element,  we  know  the  drop  in  poten- 
tial produced  by  a  given  resistance  in  the  box,  since  the  two  are 
equal.  We  can  then  calculate  at  once  the  drop  in  potential  which 
would  be  produced  when  any  other  resistance  was  introduced  into 
the  path  of  the  current  from  G,  by  moving  the  caps  along  the  plugs. 
It  is  obvious  that  the  element  G  must  have  a  larger  electromotive 
force  than  the  normal  element  which  is  used. 

This  compensation  method  has  been  extensively  used  in  recent 
years  in  connection  with  the  large  number  of  measurements  of  the 
electromotive  force  of  elements  which  have  been  carried  out  from  an 
electrochemical  standpoint. 

Transformation  of  Intriaaio  or  Chemical  Energy  into  Eleotric&L — 
It  follows  from  the  law  of  the  conservation  of  energy,  that  whenever 
one  form  of  energy  appears,  an  equivalent  amount  of  some  other  form 
disappears.  Thus,  when  electrical  energy  appears  in  the  cell  it  is  at 
the  expense  of  the  chemical  energy  of  the  substances  present  in  the 
cell.  It  has  already  been  pointed  out  that  the  best  means  of  meas- 
lu-ing  chemical  energy,  or  better,  difference  in  chemical  energy,  is  to 
transform  this  into  heat  and  measure  the  amount  of  heat  devel- 
oped, —  in  a  word,  to  determine  the  heat  tone  of  the  reaction. 

The  assumption  was  made  by  Helmholtz  and  Kelvin  that  in  the 
simplest  form  of  cell,  the  chemical  energy  which  becomes  free  during 
the  reaction  passes  over  quantitatively  into  electrical  energy.  This 
was  shown  first  by  J.  Willard  Gibbs,'  in  18T8,  and  a  little  later  by 
Helmholtz,'  not  to  be  tiue  in  general.     Indeed,  it  is  true  only  in 


1  Fracffd.  Conn.  Aead.    Translated  into  Oennfto  by  Ostwald^ 
namigehe  Slndirn,  p.  Slil.     Leipzig,  1802, 
*  SiUungtber.  Ber.  Akad,,  February,  1882. 
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very  special  cases.  An  element  may  either  take  up  heat  from  the 
surrounding  medium,  or  give  out  heat,  and  this  must  be  taken  into 
account.  The  electrical  energy  produced  in  the  cell  is,  then,  equal 
to  the  chemical  energy  which  has  disappeared,  plus  a  term  which  is 
proportional  to  the  electromotive  force  and  to  the  absolute  tempera- 
ture. This  is  formulated  as  follows :  If  we  represent  the  electrical 
energy  by  E^,  the  chemical  energy  by  E^,  the  quantity  of  electricity 
generated  in  the  cell  by  e^,  the  electromotive  force  by  ir,  and  the 
absolute  temperature  by  T,  we  have  — 

E.  =  E,  +  e„  rg,. 

The  last  term  may  be  either  positive  or  negative,  but  is  more  fre- 
quently negative;  i.e.  the  element  gives  out  heat  while  it  is  working. 
A  purely  physical  chemical  method  of  calculating  the  electromotive 
force  of  elements  was  worked  out  by  Nernst,^  and  to  this  we  shall 
now  turn. 

Calculation  of  Electromotiye  Force  from  Osmotic  Pressure.  —  The 
method  of  calculating  electromotive  force  from  osmotic  pressure  is 
given  essentially  as  deduced  by  Ostwald  *  from  the  work  of  Nernst. 

If  we  allow  a  substance  to  pass,  isothermally,  from  one  condition 
to  another,  the  maximum  amount  of  external  work  is  always  the 
same,  regardless  of  how  this  takes  place,  whether  osmotically,  or 
electrically,  or  in  any  other  way.  If  we  know  the  maximum  exter- 
nal work  which  is  obtainable  from  a  process,  we  know  the  amount 
of  electrical  energy;  and,  as  we  shall  see,  the  electromotive  force 
is  calculated  directly  from  the  electrical  energy.  The  first  step  is, 
then,  to  determine  the  maximum  external  work  which  is  obtainable 
in  a  given  process.  This  can  be  done  by  allowing  the  substance  to 
pass  at  constant  temperature,  in  a  reversible  manner,  from  one 
condition  over  to  the  other. 

Given  a  gas  under  a  pressure  pi,  and  volume  v,  and  allow  it  to 
expand  isothermally  to  a  pressure  p^  When  a  gas  expands  iso- 
thermally it  takes  up  heat,  and  gives  it  up  as  volume  energy.  The 
energy  set  free  under  these  conditions  is  — 

P2 


—  j  vdp. 


Pi 


1  Ztschr.  phys,  Chem.  4,  128  (1889). 
*  Lehrb,  cL  Allg.  Chem,  II,  p.  825. 
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But  po  —  RT,  where  R  ia  the  gas  constant  and  T  the  absoluta 
temperature,  whence  the  above  expression  becomes  for  gram-molecu- 
lar weights ;  — 


which  expresses  the  volume  energy  obtained  under  the  condition. 
This  becomes  on  integration  — 

Brin*-- 

Pi 

This  amount  of  energy,  which  is  converted  into  work  by  an  ideal 
gas  in  passing  from  pressure  p,  to  pressure  p„  is  exactly  equal  to 
the  work  obtained  from  an  ideal  solution  under  the  same  conditions. 
That  is,  a  solution  of  volume  v  passing  isothermally  from  an  osmotic 
pressure  pi  to  an  osmotic  pressure  p,. 

But  with  the  movements  of  the  iona,  we  have  the  movements 
of  the  electrical  charges  which  they  carry.  Ami  from  what  has 
been  said,  the  amounts  of  work  corresponding  to  the  movements  of 
the  ions  can  be  transformed  into  electrical  energy. 

We  have  then  shown,  thus  far,  how  to  calculate  the  maximum 
external  work  obtainable,  when  a  solution  of  osmotic  pressure  pi 
passes  isothermally  and  reversibly  over  to  osmotic  pressure  p^  and 
the  relation  between  this  work  and  the  electrical  energy  obtainable. 

Knowing  the  electrical  energy,  how  can  we  determine  the 
electromotive  force?  Electrical  energy,  like  every  other  manifes- 
tations of  energy,  can  be  factored  into  an  intensity  and  a  capacity 
factor.  The  intensity  factor  of  electrical  energy  ia  the  electromotive 
force  or  potential,  and  the  capacity  factor  the  amount  of  electricity. 
If  we  call  the  former  ir,  and  the  latter  eoj  we  have  the  energy  electric 
E,  =  -ire^  If  we  know  E„  we  can  calculate  ir  at  once,  since  e,  is 
known  from  Faraday's  law.  Knowing  the  quantity  of  ions  which 
pass  from  one  osmotic  pressure  over  to  the  other,  we  know  the 
amount  of  electricity  ?„ ;  knowing  E„  we  calculate  w. 

Let  us  deal  with  a  gram -molecular  weight  of  univalent  ions. 
These  will  carry  96,530  coulombs  of  electricity,  and  this  quantity 
we  will  now  designate  by  eo.  If  the  ions  are  bivalent,  they  will 
carry  twice  as  much ;  if  trivalent,  three  times ;  and  so  on.  Let  us 
represent  the  valence  of  the  ions  by  v;    then  a  gram-molecule 

"  In  is  natural  logarithm. 
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weight  will  carry  vcq  amount  of  electricity.  Suppose  a  gram- 
molecular  weight  of  these  ions  is  charged  w  potential.  The  amount 
of  electrical  energy  required  to  effect  this  charge  is  — 

But  this  electrical  energy  is  equal  to  the  osmotic^  calculated 
above,  where  a  gram-molecular  weight  was  taken  into  account.  We 
have  — 

irveo  =  RTln  ^, 

P% 

or,  Pi 

TT  =  • 

This  is  the  fundamental  equation  for  calculating  the  electro- 
motive force  of  elements,  from  the  osmotic  pressures  of  the  electro- 
lytes around  the  electrodes. 

This  equation  has  been  very  much  simplified  by  Ostwald,'  by 
introducing  numerical  values  wherever  it  is  possible. 

E  =  2  calories,  and  1  calorie  =  4.18  x  10'  ergs.  T,  the  absolute 
temperature,  can  be  taken  as  290^  G.  for  the  average  conditions. 

The  constant  =^  =  0.0251  volt,  since  volt  x  coul  =  10'  ergs. 
The  above  equation  then  becomes  — 

0.0251,   pi 

'^  =  — :n — 1^  ;;r' 
V         Pi 

or  in  case  the  ions  are  univalent  — 

,r  =  0.0251  In-. 

Pi 

Thus  far  we  have  been  using  the  natural  logarithm  obtained  in 
the  process  of  integration,  which  we  have  written  In.  It  is  far  more 
convenient  in  practice  to  use  the  Briggsian.  To  pass  from  the 
former  to  the  latter  we  must  divide  the  above  constant  by  0.4343, 
when  we  obtain  0.058. 

The  final  expression  of  the  general  formula  for  calculating  the 
electromotive  force  of  an  element,  from  the  osmotic  pressure  of 
the  electrolytes  around  the  electrodes,  is  then  — 

w  =  0.058  log  £, 
1  Lehrb.  d.  AUg.  Chem.  II,  p.  827. 
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where  log  ia  the  Briggsian  logarithm.  If  the  valence  of  the  ion  is 
greater  than  one,  this  must  be  divided  by  the  valence.  Before 
attempting  to  apply  this  expression  to  any  concrete  cases,  we  must 
examine  anotlier  conception  introduced  by  Nernat. 

Eleotrolytlo  SolntiDn-tfinBioa. — We  are  perfectly  familiar  with 
the  fact  that  when  a  solid  or  liquid  is  evaporated,  the  molecules 
pass  into  the  space  above  the  liquid;  and  equilibrium  is  estabiished, 
for  a  given  temperature,  when  the  vapor  exerts  a  certain  definite 
pressure.  This  pressure  is  designated  as  the  vapor-tension,  or 
vapor-pressuie  of  the  substance  in  question. 

Says  Nenist : '  "  If,  in  accordance  with  Van't  Hoffs  theory,  we 
assume  that  the  molecules  of  a  substance  in  solution  exist  also 
under  a  definite  pressure,  we  must  ascribe  to  a  dissolving  substance 
in  contact  with  a  solvent,  similarly,  a  power  of  expansion,  for  here, 
also,  the  molecules  are  driven  into  a  space  in  which  they  exist 
under  a  certain  pressure.  It  is  evident  that  every  substance  will 
pass  into  solution  until  the  osmotic  partial  pressure  of  the  molecules 
in  the  solution  is  equal  to  the  '  solution- tension '  of  the  substance," 

Nernst  thus  introduced  the  conception  of  solution-tension ;  and, 
at  the  same  time,  called  attention  to  the  close  analogy  between  evap- 
oration and  solution,  which  can  be  aeen  only  through  a  knowledge  of 
the  osmotic  pressure  of  solutions.  The  metals,  like  many  other 
substances,  have  the  possibility  of  passing  into  solution  as  ions. 
Every  metal  in  water  has,  then,  a  certain  solution-tension  peculiar 
to  itself,  and  we  wilt  designate  this  by  P. 

It  we  dip  a  metal  into  pure  water,  let  us  see  what  will  take  place. 
In  consequence  of  the  solution-tension  of  the  metal,  some  iona  will 
pass  into  solution.  When  metallic  atoms  pass  over  into  ions,  they 
must  secure  positive  electricity  from  something.  They  take  it  from 
the  metal  itself,  which  thus  becomes  negative.  The  solution  be- 
comes positive,  because  of  the  positive  ions  which  it  has  received. 
At  the  plane  of  contact  of  the  metal  and  solution,  there  ia  formed 
the  so^alled  electrical  double  layer,  whose  existence  was  much  earlier 
recognized  by  HelmholtK.'  The  positively  charged  ions  in  the  solu- 
tion and  the  negatively  charged  metal  attract  one  another,  and  a 
difference  in  potential  arises.  The  solution-tension  of  the  metal 
tends  to  force  more  ions  into  solution,  while  the  electrostatic  attrac- 
tion of  the  double  layer  is  in  opposition  to  this.  Equilibrium  is  es- 
tablished when  these  two  forces  are  equal.    Since  the  ions  carry  such 


1  ZUehr.  phys.  Chem.  4,  150  (1889). 
'  Wied-  Ann.  7,337  (1878). 
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CDormous  charges,  the  number  which  will  pass  into  solution  before 
equilibrium  is  established  is  so  small  that  they  cannot  be  detected 
by  any  ordinary  method.  When  we  are  dealing  with  a  metal  im- 
mersed in  pure  water,  it  is  evident  that  the  difference  in  potential 
which  obtains  in  the  double  layer  is  conditioned  only  by  the  magni- 
tude of  the  solution-tension  of  the  metal  in  question. 

If  we  dip  a  metal  of  solution-tension  P  into  a  solution  of  one  of 
its  salts,  the  case  is  not  quite  as  simple.  Let  the  osmotic  pressure 
of  the  metallic  ions  in  the  solution  of  the  salt  be  p,  then  either  of 
three  conditions  may  exist.  The  solution-tension  may  be  greater 
than  the  osmotic  pressure,  less  than  the  osmotic  pressure,  or  just 
equal  to  it.    We  may  have  — 

p>p,  (1) 

P<P,  (2) 

P=p.  (3) 

Let  us  first  take  case  No.  1,  where  a  metal  of  solution-tension  P 
is  immersed  in  a  solution  of  one  of  its  salts,  in  which  the  osmotic 
pressure  p  of  the  metallic  ions  is  less  than  its  own  solution-tension. 

At  the  moment  the  metal  touches  the  solution,  a  number  of 
metallic  ions,  which  always  carry  a  positive  charge,  will  pass  into 
solution.  These  ions  have  carried  positive  electricity  from  the  metal 
into  the  solution,  and  the  metal  has  thus  become  negative,  the  solu- 
tion positive.  At  the  places  where  the  metal  and  solution  come  in 
contact,  the  double  layer  is  formed,  due  to  the  attraction  of  the 
opposite  charges. 

"  This  double  layer  has  a  component  of  force,  which  acts  at  right 
angles  to  the  plane  of  contact  of  the  metal  and  solution,  and  tends  to 
drive  back  the  metallic  ions  from  the  electrolytes  to  the  metal.  It 
acts  in  direct  opposition  to  the  electrolytic  solution-tension."  ^ 

The  condition  of  equilibrium  is  reached  when  these  two  opposing 
forces  just  equalize  one  another ;  and  the  final  result  is  the  existence 
of  an  electromotive  force  between  the  metal  and  the  solution,  the 
metal  being  negative,  the  solution  positive. 

It  is  clear  that  a  metal  cannot  throw  as  many  ions  into  a  solution 
of  its  salt  as  into  pure  water,  because  the  osmotic  pressure  of  the 
metallic  ions  already  in  the  solution  acts  against  the  solution-tension 
of  the  metal. 

Let  us  now  take  the  second  case ;  where  the  solution-tension  of  the 
metal  is  less  than  the  osmotic  pressure  of  the  metallic  ions  in  the  so- 

J  Ztschr.  phys.  Chem.  4,  161  (1889). 
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lution.  Metallic  ions  will  separate  from  the  solution  upon  the  metal. 
Wheu  a  metallic  iou  pasaea  over  into  an  atom  it  gives  up  its  positive 
charge,  and  in  this  case  it  gives  it  up  to  the  metal,  which  becomes 
positive.  The  solution,  having  lost  aouie  of  its  positively  charged 
ions,  becomes  negative.  At  the  points  of  contact  of  solution  and 
metal,  we  have  again  the  electrical  double  layer,  but  this  time  the 
metal  is  poaitivc  and  the  solution  negative,  which  is  exactly  the 
reverse  of  the  case  firat  considered.  Metal  ions  will  separate  from 
the  solution  until  the  electrostatic  component  of  force  of  the  double 
layer,  at  right  angles  to  the  plane  of  contact  of  metal  and  solution, 
ia  just  equal  to  the  excess  of  the  osmotic  pressure  over  the  solution- 
tension.  Equilibrium  is  established  when  the  sum  of  the  solution-ten- 
sion of  the  metal  and  this  component  of  force  is  just  equal  to  the 
osmotic  pressure  of  the  metallic  ions  in  the  solution.  An  electro- 
motive force  exists  here,  also,  between  the  metal  and  the  solution, 
but  in  the  reverse  direction  from  the  case  first  considered. 

The  third  case  is  where  the  solution-tension  of  the  metal  is  just 
equal  to  the  osmotic  preasure  of  the  metallic  ions  in  the  solution. 
Just  as  soon  aa  the  metal  touchea  the  solution,  equilibrium  is  es- 
tablished. Ions  neither  dissolve  from  the  metal,  nor  separate  from 
the  solution.  There  is  no  double  electrical  layer  formed,  and  there 
is  no  difference  in  potential  between  the  metal  and  the  solution. 

If  now  we  inquire  which  metals  have  high,  and  which  low,  solution- 
tensions,  we  shall  find  that  magnesium,  zinc,  aluminium,  cadmium, 
iron,  cobalt,  nickel,  and_the_like  are  always  negative  when  immersed 
in  solutions  of  their  own  salts.  Thfs'meansthatthe  sointion-tension 
of  the  metal  is  always  greater  than  the  osmotic  pressure  of  the  metal 
ion,  in  any  solution  of  their  salts  which  can  be  prepared.  If,  on  the 
other  hand,  we  take  gold,  silver,  mercury,  copper,  etc.,  we  usually 
find  the  metal  positive  when  immersed  in  a  solution  of  its  salt. 
This  means  that  the  solutiou-tension  of  the  metal  is  30  small,  that  it 
ia  less  than  the  osmotic  preasui-e  of  the  metallic  ions  in  the  solution. 
When  a  very  dilute  solution  of  aalta  of  these  metals  ia  prepared,  the 
osmotic  pressure  of  the  metallic  ions  may  become  less  than  the  very 
slight  solution-tension  of  these  metals ;  and  then  the  metal  would  be 
negative  with  respect  to  its  solution. 

We  have,  thus  far,  spoken  chiefly  of  the  solution -tens  ion  of  metala, 
which  tends  to  drive  the  metal  over  into  cations.  Substances  which 
can  pass  over  into  anions  have  also  a  solution-tension,  as  is  pointed 
out  by  Le  Blanc.'    If  the  chlorine  ions  in  a  solution  had  an  osmoUu 


'ieftrfc.  EUtiToc/iemie,  p.  121. 
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pressure  which  was  greater  than  the  solution-tension  of  chlorine,  the 
chlorine  ions  would  pass  over  into  ordinary  chlorine.  But  Le  Blanc 
addS;  that,  as  for  as  wfi  know^  all  substances  which  can  yield^egative 
ions  have  a  high  solution-tension.  ~"  ~    ~        " 

Demonstration  of  the  solution-tension  of  Metals. — A  demonstra- 
tion of  the  solution-tension  of  metals  has  been  furnished  by  Palmaer.* 
Mercury  is  a  metal  whose  solution-tension  is  very  small.  Even 
when  in  contact  with  a  very  dilute  solution  of  a  mercury  salt,  the 
solution-tension  of  the  mercury  is  less  than  the  osmotic  pressure  of 
the  mercury  ions  in  the  solution ;  and  some  of  the  mercury  ions  will 
separate  from  such  a  solution. 

Given  a  vessel  whose  bottom  is  covered  with  metallic  mercury, 
and  over  this  is  placed  a  solution  of  mercurous  nitrate  having  a 
volimie  of  2000.  A  few  mercury  ions  will  separate  from  the  solution 
and  give  up  their  positive  charges  to  the  mercury.  The  positively 
charged  mercury  will  attract  electrostatically  a  few  negative  NOj 
ions  to  form  the  double  layer.  This  will  be  continued  until  a  cer- 
tain difference  in  potential  has  been  reached,  when  equilibrium  will 
be  established.  If  a  drop  of  mercury  is  now  let  fall  into  the  solution, 
a  few  mercury  ions  will  separate  upon  it,  charge  it  positively,  and  it 
will  then  attract  an  equal  number  of  negative  KO3  ions  and  drag 
them  down  with  it  through  the  solution.  The  next  drop  of  mercury 
will  behave  in  exactly  the  same  manner,  and  thus  the  top  of  the 
solution  will  become  continually  poorer  and  poorer  in  the  salt. 

When  the  drop  of  mercury  comes  in  contact  with  the  mercury  at 
the  bottom  of  the  vessel  where  equilibrium  is  already  established, 
what  will  happen  ?  When  the  drop  has  united  with  the  mercury, 
this  will  contain  an  excess  of  positive  electricity,  and  therefore  a 
small  quantity  of  mercury  ions  will  pass  into  solution.  And,  indeed, 
exactly  the  same  number  as  there  are  KO3  ions  brought  down  from 
the  top  to  the  bottom  of  the  solution.  The  solution  will  thus  become 
more  concentrated  just  above  the  layer  of  mercury  on  the  bottom  of 
the  vessel. 

A  fine  glass  tube  from  which  mercury  flows  is  known  as  a  drop- 
electrode.  To  produce  changes  in  concentration  sufficient  for  the 
purposes  of  a  demonstration,  a  very  powerful  drop-electrode  must  be 
used.  This  is  made  by  inserting  a  conical  glass  stopper  into  a  conical 
glass  tube,  so  that  the  junction  is  mercury-tight.  A  large  number 
of  fine  grooves  are  then  etched  on  the  outside  of  the  stopper,  so  that 

1  Ztsehr.  phys,  Chem.  26,  26«  (1898)  ;  88,  267  (1899).  Ztschr.  elek,  Chem.  7, 
287  (1000).    See  also  Outlines  of  Electrochemistry,  Jones  (ElecRev.  Pah 
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L  fine  ] 


■  will  stream  through  i 

I  subjected  to  four  or  five  atmospheres  of 


the  mercury  ' 
proceas  the  mercury  i 
pressure. 

Under  these  conditions,  however,  the  mercury  cannot  be  allowed 
to  flow  directly  into  a  vessel  filled  with  a  dilute  solution  of  a  mer- 
cury salt,  and  containing  mercury  at  the  bottom,  since  there  would 
be  too  much  commotion  in  the  solution.  The  arrangement  which 
was  used  is  shown  in  Fig.  61.  The  di'0|)-e]ectrode 
T  dips  intj^  tlie  funnel-shaped  vessel  0,  which 
is  connected  by  a  narrow  tube  and  a  rubber  tube 
with  the  larger  vessel  M.  This  is  in  turn  con- 
nected with  the  vessel  IT,  where  the  change  in 
concentration  can  be  observed.  When  the  mer- 
cury has  beeu  allowed  to  flow  for  five  minutes 
under  a  pressure  of  five  atmospheres,  distinct 
changes  in  concentration  can  be  detected. 

Falmaer  gives  data  which  show  that  the  con- 
centration above  had  been  diminished  aa  uitich 
as  fifty  per  cent,  and  increased  below  as  much 
as  forty  per  cent. 

This  will  be  recognized  at  once  to  be  a  very 
remarkable  experiment,  and  before  oar  modern 
physical  chemical  theories  were  proposed  would 
have  been  entirely  inexplicable.  The  results  of 
this  experiment  were  predicted  before  the  esperi- 

Calcnlation  of  the  Difference  in  Potential  between  Hetal  and 
Solution. — The  difference  in  potential  between  a  metal  of  solution- 
tension  P,  and  a  solution  of  one  of  its  salts  in  which  the  metal  ion 
has  an  osmotic  pressure  p,  can  be  calculated  as  follows  ;  — 

When  a  substance  of  solution-tension  P  is  converted  into  ions  of 
osmotic  pressure  P,  no  work  is  done.  Therefore,  to  convert  a  sub- 
stance of  solution-tension  P  into  ions  of  osmotic  pressure  p,  the 
maximum  work  to  be  obtained  is  the  same  as  that  obtained  by  trans- 
ferring the  ions  from  osmotic  pressure  P  to  osmotic  pressure  p. 
Now  we  have  seen  that  the  gas  laws  apply  to  the  osmotic  pressure 
of  solutions,  and  the  amount  of  work  can  be  calculated  from  a  gas  in 
passing  from  gas-pressure  P  to  gas-pressure  p.  If  we  deal  with  a 
gram-molecular  weight,  we  have  seen  (p.  382)  this  to  be  — 
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We  have  also  seen  that  this  osmotic  work  is  equal  to  the  electrical 
work  for  an  isothermal  transformation.  The  electrical  work  is  the 
potential  times  the  amount  of  electricity.  If  we  are  dealing  with 
gram-molecular  quantities,  it  is  vveQ. 

Equating  these  two  values,  we  have  — 

p 

irveo  =  BT  In  -, 

P 

or,  if  the  ions  are  univalent,  v  =  1,  when  we  have  — 

ET,    P 

IT  = In  — 

eo       p 

Now  we  know,  from  page  383,  that =  0.0251  volt.    Passing 

from  natural  to  Briggsian  logarithms,  this  becomes  0.058  volt. 

The  potential  between  metal  and  solution  is  then,  when  r=290% 

IT  =  0.058  log  -. 

P 

We  have  learned  thus  far  how  to  calculate  the  electromotive 
force  of  elements  from  the  osmotic  pressures  of  the  solutions  around 
the  electrodes,  and  also  how  to  calculate  the  potential  between  a 
metal  and  the  solution  of  one  of  its  salts  in  which  the  metal  is 
immersed.  With  these  two  conceptions  in  mind,  we  will  now  study 
a  few  elements  to  see  how  these  principles  are  applied. 

Types  of  Cells.  —  We  know  a  large  number  of  cells,  and  they  may 
be  classified  under  the  following  heads :  Constant  and  Inconstant,  and 
constant  elements  may  be  revet'sible  or  non-reversible. 

If  the  chemical  process  in  the  cell  remains  the  same  during  the 
time  it  is  closed,  the  cell  is  constant;  if  the  chemical  process  changes, 
it  is  inconstant. 

Constant  elements  differ  among  themselves.  Through  some  of 
these  we  can  send  a  current  in  the  opposite  direction,  without 
changing  their  electromotive  force.  This  class  of  constant  elements 
is  termed  reversible.  This  applies  to  elements  in  which  the  elec- 
trodes are  immersed  in  solutions  of  their  salts.  Take  as  an  example 
the  Daniell  element.  This  consists  of  a  bar  of  zinc  immersed  in  a 
solution  of  zinc  sulphate,  and  a  bar  of  copper  in  a  solution  of  copper 
sulphate.  When  the  current  is  passed  in  the  opposite  direction 
through  this  cell,  its  nature  is  not  changed.  The  normal  action  is 
that  the  zinc  dissolves  and  copper  separates.  When  a  current  is 
passed  in  the  opposite  direction,  copper  dissolves  and  zinc  separates. 
But  neither  process  changes  the  nature  of  the  celL 
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If  the  electroiBotive  force  is  changed  when  a  current  ia  passed  in 
the  opposite  direction,  the  element  ia  u on-reversible. 

Concetitration  Elementi  of  the  First  Type.  —  We  will  first  con- 
sider a  very  simple  type  of  a,  reversible  element,  the  two  electrodes 
being  of  the  same  metal,  and  immersed  in  solutions  of  the  same 
salt  of  that  metal,  the  solutions  having  different  concentrations.  To 
take  a  concrete  example :  Two  bars  of  metallic  zinc  are  immersed  in 
solutions  of  zinc  chloride,  the  one  bar  in  a  tenth-normal  solution  of 
the  salt,  the  other  in  a  hundredth-normal  solution.  The  two  solu- 
tions are  connected  by  a  tube  filled  with  either  solution.  When  the 
two  zinc  bars,  which  are  the  electrodes,  are  connected  externally,  tie 
current  flows  and  we  have  an  element.  Ostwald  defines  a  cell  or 
element  as  any  device  in  which  chemical  energy  is  converted  into 
electrical. 

The  only  difference  between  the  two  sides  of  this  element  is  in 
the  concentration  of  the  electrolytic  solutions.  The  element  is  there- 
fore termed  a  "  concentration  element."  Further,  since  the  salt  of 
the  metal  is  soluble,  this  is  termed  a  "  concentration  element  of  the 
first  class  "  to  distinguish  it  from  other  concentration  elements  which 
will  be  taken  up  later. 

Take  the  example  given  above,  of  two  bars  of  zinc  in  two  solu- 
tions of  zinc  chloride  of  difEerent  concentrations.  The  action  of  the 
cell  ia  such  as  to  make  the  two  solutions  become  more  and  more  nearly 
of  the  same  concentration.  The  more  dilute  solution  becomes  more 
concentrated,  and  the  more  concentrated  more  dilute,  until  when  the 
two  become  equal  the  element  ceases  to  act.  Zinc  then  passes  into 
solution  in  the  more  dilute  solution,  and  zinc  ions  separate  as  metal 
on  the  bar  from  the  more  concentrated  solution.  The  electrode  in 
the  more  concentrated  solution  is  always  positive,  since  metallic 
ions  are  giving  up  their  positive  charges  to  it  and  separating  as 
met.al  upon  it.  The  electrode  in  the  more  dilute  solution  is  nega- 
tive, because  ions  are  passing  from  it  into  the  solution,  and  carrying 
with  them  positive  charges  which  come  from  the  electrode.  In 
an  element  of  this  kind  the  current  always  flows  on  the  outsidu 
from  the  electrode  which  is  immersed  in  the  more  coneenti-ated 
solution. 

The  action  of  this  cell  is  just  what  we  would  espeet.  Tlie  solu- 
tion-tension of  the  zinc  is  the  same  on  both  sides  of  the  c«lL  The 
osmotic  pressure  of  the  zinc  ions  is,  of  course,  greater  in  the  more 
concentrated  solution.  The  osmotic  pressure,  which  works  directly 
against  the  solution-tension,  will  cause  the  ions  to  separate  from  the 
solution  in  which  this  pressure  is  the  greater.    The  electronioti\»' 
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force  of  such  an  element  would  be  the  difference  in  the  potential 
upon  the  two  sides  of  the  cell :  — 

RT.    P     ET,    P     RT.    pi 

v  = In In  —  = In  — . 

V        p2       V        pi       V        Pi 

Here  v  is  the  valence  of  the  cation,  pi  and  p^  the  osmotic  press- 
ures of  the  zinc  ions  in  the  two  solutions.  This,  however,  does  not 
take  into  account  the  changes  in  the  concentrations  of  the  solutions, 
which  are  taking  place  while  the  current  is  passing. 

If  Co  electricity  passes  from  the  electrode  into  the  electrolyte,  a 
gram-molecular  weight  of  univalent  cations  separates  from  the  elec- 
trode, dissolves,  and  increases  by  unity  the  concentration  around 
this  electrode.  But,  at  the  same  time,  cations  are  moving  from  this 
electrode  with  the  current,  over  toward  the  other  electrode.  The 
amount  depends  upon  the  relative  velocities  of  anion  and  cation.  If 
we  represent  the  relative  velocity  of  cation  by  c,  and  of  anion  by  a, 

the  number  of  the  cations  which  will  move  over  with  the  current  is 

(* 
— ; — •     The  increase  in  the  concentration,  due  to  a  gram-molecular 

weight  of  cations  passing  into  the  solution,  is  then,  — 

1  _     ^  a 


c  -h  a      c  -f  a 

This  factor  is  to  be  multiplied  into  the  former  equation  to  obtain 
the  osmotic  work,  which  can  then  be  equated  to  its  equal,  the  elec- 
trical energy.  Let  w<  represent  the  number  of  ions  in  the  elec- 
trolyte :  — 

a      n^RT       p^ 
w  =  — ; In  — : 

'^  =  ^?<><^2  2'log| 

According  to  this  formula,  the  only  variables  are  pi  and  p^,  the 
osmotic  pressures  of  the  cation  in  the  two  solutions  around  the 
electrodes.  The  electromotive  force  of  such  elements  should  de- 
pend only  upon  the  relative  osmotic  pressures  of  the  solutions,  and 
not  upon  the  absolute  osmotic  pressures.  This  has  been  found  to  be 
true.  The  electromotive  force  should  also  be  independent  of  the 
kind  of  zinc  salt  used,  provided  the  salt  is  soluble,  and  yields  the 
same  number  of  zinc  ions  in  each  solution  as  the  salt  in  question. 
Thus  the  chloride  could  be  replaced  by  the  bromide,  iodide,  nitrate, 
etc.,  of  such  concentration  that  the  osmotic  pressure  of  the  zinc  ions 
remained  the  same,  and  the  electromotive  force  of  the  element  should 
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remain  nnchanged,  and  again  such  is  the  fact.  The  reason  for  t 
will  be  seen  at  once  by  examining  the  laat  equation,  since  it  ia  only 
the  osmotic  pressure  of  the  cations  which  comes  into  play  —  the 
anion  having  nothing  whatever  to  do  with  the  electromotive  force 
of  the  element. 

The  electromotive  force  of  a  number  ot  elements  of  the  type  we 
are  considering  has  been  measui'ed,  and  to  within  the  limits  which 
could  reasonably  be  expected  has  been  found  to  agree  with  that 
calculated  from  the  above  equation.  To  calculate  the  electromotive 
force,  a  number  of  quantities  must  be  measured,  c  and  a,  the  rela- 
tive velocities  of  cation  and  anion,  must  be  determined ;  similarly, 
pi  and  Pi,  the  osmotic  pressures  of  the  cations  in  the  solutions,  must 
be  ascertained  by  indirect  methods,  which  involve  the  measurement 
of  the  dissociation  of  these  solutions.  Since  each  of  these  processes 
introduces  an  error  of  greater  or  less  magnitude,  we  could  not  expect 
a  very  close  agreement  between  the  electromotive  force  as  measured 
and  as  calcidated.  When  we  take  all  of  these  facts  into  account  the 
agreement  is  often  surprisingly  close. 

The  following  results,  obtained  by  Moser  for  solutions  of  copper 
sulphate  with  copper  electrodes,  are  cited  by  Ostwald.'  The  con- 
centrations of  solutions  I  and  II  are  the  number  of  parts  of  vater 
to  one  part  ot  copper  sulphate,  tt  is  the  electromotive  force  ex- 
pressed in  thousandths  of  a  Daniell  celL     The  unit  is  0.0011  volt. 


The  concentration  of  one  solution  was  maintained  constant 
throughout,  and  that  of  the  other  varied  at  will.  The  agreement 
in  these  cases  ia  very  satisfactory. 

Concentration  Element!  of  the  Second  Tyj».  —  The  characteristic 
of  the  element  which  we  have  jnst  Ijeeti  considering  is  that  the  metal 
is  surrounded  by  one  of  its  soluble  salts.  We  may  also  have  con- 
centration elements  in  which  the  metal  is  surrounded  by  one  of  its 


>  Lehrb.  d.  Ally.  Ohem.  II,  p. 
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insoluble  salts;  thus,  silver  surrounded  by  silver  chloride.  In  the 
latter  case  we  must  have  present,  in  addition,  a  soluble  chloride; 
and  the  soluble  chloride  must  be  of  different  concentrations  on  the 
two  sides  of  the  cell.  The  element  would  consist  then  of  a  bar  of 
silver,  surrounded  by  solid  silver  chloride ;  and  over  this  a  solution 
of  some  chloride,  say  potassium  chloride ;  and  on  the  other  side,  a 
bar  of  silver  surrounded  by  solid  silver  chloride,  and  over  this  a 
solution  of  potassium  chloride,  of  different  concentration  from  that 
used  on  the  side  first  described. 

This  element  is  termed  a  concentration  element  of  the  second 
class. 

The  action  of  this  cell  will  be  such  as  to  dilute  the  more  concen- 
trated  solution  of  potassium  chloride,  and  to  concentrate  the  more 
dilute  solution.  Silver  dissolves  from  the  electrode  surrounded  by 
the  more  concentrated  potassium  chloride,  and  the  ions  of  silver 
unite  with  the  chlorine  ions,  and  solid  silver  chloride  is  formed. 
The  potassium  ions  move  with  the  current  over  to  the  other  side  of 
the  element,  and  form  potassium  chloride  with  some  of  the  chlorine 
which  was  there  in  combination  with  silver  as  silver  chloride.  This 
silver  then  separates  as  metal  upon  the  electrode.  In  this  way  the 
more  concentrated  potassium  chloride  becomes  more  dilute,  and  the 
more  dilute  becomes  more  concentrated. 

The  electrode  immersed  in  the  more  concentrated  potassium 
chloride  is  the  one  from  which  silver  ions  separate ;  therefore,  this 
is  the  negative  pole.  The  pole  in  the  more  dilute  solution  of  potas- 
sium chloride,  receiving  silver  ions,  is  positive.  The  current  then 
flows  on  the  outside,  from  the  pole  in  the  more  dilute  potassium 
chloride  to  the  pole  in  the  more  concentrated. 

This  is  exactly  the  reverse  of  what  takes  place  in  a  concentration 
element  of  the  first  type.  There,  as  we  have  seen,  .the  current  flows 
on  the  outside  from  the  pole  surrounded  by  the  more  concentrated 
electrolyte. 

The  electromotive  force  of  a  concentration  element  of  the  second 
type  is  calculated  in  a  manner  perfectly  analogous  to  that  employed 
with  concentration  elements  of  the  first  type.  The  electromotive 
force  IT  is  equal  to  the  difference  in  the  potential  at  the  two  poles :  — 

RT .   P     RT.   P     RT.    pi 

ir  = In In— = In—. 

V         Pi  V         pi  V         Pi 

As  in  the  case  of  the  concentration  element  of  the  first  class, 
this  does  not  take  into  account  the  changes  in  the  concentrations  of 
the  electrolytes  which  are  taking  place.     At  the  anode  the  metallic 
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silver  is  passing  into  solution,  and  when  eo  electricity  is  allowed  to 
flow,  a  gram-molecular  weight  of  the  silver  will  pass  over  into  ions — 
will  dissolve.  This  will  change  the  concentration  of  the  potassium 
chloride  around  this  pole  by  —  1.  But  at  the  same  time  potassium 
is  moving  with  the  current,  and  chlorine  in  the  opposite  direction, 
and  this  further  changes  the  concentration.  If  we  represent  the 
relative  migration  velocities  of  K  and  CI,  respectively,  by  c  and  a, 
the  total  change  in  concentration  around  the  anode  will  be  — 

The  change  in  concentration  around  the  cathode  would  1 
course,  — 


must  bo  multiplied  into  the  above  espression  for  eleetromotiTe  f 
when  we  have  — 


/*» 


L 


where  n,  is,  as  before,  the  number  of  ions  yielded  by  the  electrolyte, 
and  V  the  valence  of  the  cation.  The  electromotive  force  of  a  num- 
ber of  such  elements  has  been  measured  by  Nernst'  Mercury  was 
used  as  the  metal,  since  it  could  easily  be  obtained  in  pure  condi- 
tion. It  was  covered  with  an  insoluble  salt  of  mercury,  and  the 
soluble  electrolyte  then  added.  The  chloride,  broraide,  acetate,  and 
hydroxide  of  mercury  were  used,  and  the  soluble  electrolyte  on  both 
sides  of  the  cell  must  contain  the  same  anion  as  the  salt  of  mercury 
which  was  employed.  If  the  chloride  was  used,  the  soluble  electro- 
lyte must  be  a  chloride.  If  the  hydroxide  of  mei-cury  was  employed, 
a  soluble  hydruxide  must  be  used,  and  so  on. 

Some  of  the  combinations  which  were  made  and  measured  by 
Nernat  are  given  in  the  following  table.  The  first  column  contains 
the  soluble  electrolyte  which  was  employed.  Columns  II  and  III 
give  the  concentrations  of  the  solutions  of  this  electrolyte  on  the 
two  sides  of  the  cell.     "  w  calculated  "  is  the  electromotive  force  cal- 
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culated  from  the  preceding  formula,  and  "  w  found "  is  the  electro- 
motive force  of  the  combination,  as  measured  by  Nemst. 


I 

II 

III 

V 

V 

SOLUBLS   EutCTBOLTTS 

Ck>iroxirrBATXON  1 

CONOXKTBATIOlf  2 

Calculatu) 

Found 

HCl     .        .        .        . 

0.106 

0.018 

0.0717 

0.0710 

HCl      . 

0.1 

0.01 

0.0939 

0.0926 

HBr     . 

0.126 

0.0132 

0.0917 

0.0932 

KCl      . 

0.125 

0.0125 

0.0542 

0.0532 

NaCl    . 

0.126 

0.0126 

0.0408 

0.0402 

LiCl      . 

0.1 

0.01 

0.0336 

0.0354 

NH4CI  . 

0.1 

0.01 

0.0531 

0.0546 

NaBr    . 

0.126 

0.0125 

0.0404 

0.0417 

CHaCOONa  . 

0.126 

0.0125 

0.0604 

0.0660 

NaOH  . 

0.236 

0.030 

0.0183 

0.0178 

KOH    . 

0.1 

0.01 

0.0298 

0.0348 

NH4OH 

0.306 

0.032 

0.0188 

0.024 

Liquid  Elements.  —  It  has  long  been  known  that  there  may  be 
differences  in  potential  at  the  contact  of  two  solutions  of  electro- 
lytes. This  can  be  shown  by  constructing  an  element  in  which  the 
two  electrodes  are  of  the  same  metal,  and  immersed  in  the  same 
solution  of  the  same  electrolyte.  There  can,  therefore,  be  no  differ- 
ence in  potential  between  the  two  metals,  nor  between  the  metals 
and  electrolytes,  for  the  tensions  between  the  metals  and  electro- 
lytes are  the  same  on  the  two  sides,  and  act  in  direct  opposition  to 
one  another.  If  two  solutions  of  electrolytes  of  different  concentrar 
tions  are  introduced  into  the  circuit  between  the  solutions  in  which 
the  electrodes  are  immersed,  we  shall  have  an  element  with  a  certain 
definite  electromotive  force.    A  typical  liquid  element  would  be  the 

following :  — 

Mercury  —  mercurous  chloride. 

—  potassium  chloride. 
^   potassium  chloride, 
hydrochloric  acid. 


100 
n 


100 

■^  hydrochloric  acid. 

—  potassium  chloride. 
10^ 

Mercurous  chloride  —  mercury. 
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Theory  of  the  Liquid  Element  —  The  first  satisfactory  theory 
the  liquid  elemeut  we  owe  to  Nernat.'  What  is  the  source  of  the 
difEereucea  in  potential  in  liquid  elements  ?  That  diiferencea  in 
potential  should  exist  in  electrolytes  there  must  be  a  lack  of  uni- 
form distribution  of  ions.  The  region  which  is  positive  must  con- 
tain an  excess  of  cations,  and  that  vhich  is  negative  an  excess  of 
anions.  The  cause  of  Ikia  lack  of  unifoj-ja  dittribution  of  iona  ia  to  be 
found  in  the  different  veloeities  imth  which  the  different  ions  diffitse. 

Take  the  case  of  a  solution  of  hydrochloric  acid  in  contact  with 
pure  water.  The  hydrogen  and  chlorine  ions  in  the  solution  of  the 
acid  aie  present  in  the  same  tminber.  They  are,  therefore,  under 
the  aame  osmotic  pressure,  and  are  driven  with  the  same  force  into 
the  water.  But  they  move  with  very  different  velocities,  from 
regions  of  higher  to  those  of  lower  osmotic  pressure.  Hydrogen 
is,  as  we  have  seen,  the  swiftest  of  all  ions,  and  moves  very  miich 
faster  than  chlorine.  It  will  thus  diffuse  into  the  water  more 
rapidly  than  chlorine,  and  will  tend  to  separate  from  the  chlorine. 
But  the  positive  ions  cannot  separate  from  the  negative  ious  with- 
out producing  a  separation  of  the  tvro  kinds  of  electricity.  There 
will  result,  therefore,  electrostatic  attractions  betweens  the  layers, 
which  will  retard  the  hydrogen  ions  and  accelerate  the  chlorine  ions, 
until  the  two  have  the  same  velocity. 

Differences  in  potential  will  result;  and  always  in  the  sense 
that  the  water  or  the  more  dilute  solution  will  have  the  sign  of 
the  swifter  ion.  Hydrogen  being  the  swiftest  of  all  ious,  water 
or  the  more  dilute  solution  of  acid  is  always  positive  with  respect 
to  the  moi-e  concentrated.  Next  to  hydrogen,  in  order  of  velocity, 
comes  hydroxy].  Water,  or  the  more  dilute  solution  of  a  base, 
must,  therefore,  always  be  negative  with  respect  to  the  more  con- 
centrated. 

Nernst  has  shown  not  only  how  it  is  possible  to  account,  quali- 
tatively, for  the  differences  in  potential  between  electrolytes,  but 
has  furnished  us  also  with  a  method  of  calculating  these  differences 
quantitatively. 

Given  two  solutions  of  different  concentrations  of  an  electrolyte 
like  hydrochloric  acid,  which  is  composed  of  a  univalent  cation  and 
a  univalent  anion.  Let  the  velocity  of  t"he  cation  be  c,  and  that  of 
the  anion  a.  Let  p,  be  the  osmotic  pressure  of  both. ions  in  the 
more  concentrated  solution,  and  pi  the  osmotic  pressure  in  the  more 
dilute.     If  eq  electi'icity  is  passed  from  the  more  concentrated  to  the 
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/» 
more  dilute  solution,  — —   of  a  gram-equivalent  of  cations  will 

move  with  the  current,  and  — ; —  of  a  gram-equivalent  of  anions 

c  -f-  a  ^ 

will  move  against  the  current. 

— —  of  cations  have  moved  from  a  region  of  greater  to  one  of 
less  osmotic  pressure.    The  work  is :  — 

But  — ; —  of  anions  have  moved  from  a  region  of  lower  into  one 
c-f-  a  ° 

of  higher  osmotic  pressure.    The  work  done  upon  them  is :  — 


c-\-a  P2 

The  total  gain  is  the  difference  between  these  two :  — 

^^i^rina 

Equating  this  against  the  electrical  energy  ireo,  we  have  — 

v  =  — In—; 

c-ha    eo       P2 

or,  ir  =  ^-7-?0.0002  T  log^^ 

c-fa  ^p^ 

If  c  is  greater  than  a  the  more  dilute  solution  is  positive,  as 
already  stated,  and  the  current  flows  on  the  outside  from  the  more 
dilute  solution  to  the  more  concentrated.  If  a  is  greater  than  c,  the 
more  dilute  solution  is  negative,  and  the  current  flows  in  the  oppo- 
site direction. 

If  the  velocities  of  the  two  ions  are  equal  (c  =  a)f  the  right 
member  of  the  above  equation  becomes  zero,  and  there  is  no  elee- 
tromotive  force.  It  is,  therefore,  impossible  to  construct  a  liquid 
element  from  solutions  of  an  electrolyte  whose  cation  and  anion 
have  the  same  velocities.  If  the  valence  of  either  ion  is  greater 
than  unity,  this  must  be  taken  into  account.  If  we  represent  the 
valence  of  the  cation  by  v,  and  that  of  the  anion  by  Vi,  the  above 
expression  becomes  — 

c     a 

^  =  !LJ!io.ooo2rioga 

c-{-a  pt 
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Nernst  prepared  liquid  elements  and.  determined  their  electro- 
motive force.  He  then  calculated  the  electromotive  force  from  the 
above  equation,  and  compared  the  values  fouud  experimentally  vith 
those  from  calculation. 

The  following  element  already  referred  to  was  constructed :  ■ 

12  3  4 

Hg  -  HgCl  -  KCl  -  KCl  -  HCl  -  HCl  -  KCl  ~  HgCl  -  Hgi 


10 


100        100 


10 


10 


The  potential  differences  at  the  ends  are  equal  and  opposite,  and 
therefore  equalize  one  another.  The  four  differences  iu  potential 
which  must  be  taken  into  account  are  indicated  above.  But  the 
potential  differences  are  dependent  upon  the  relative,  not  upon  the 
absolute  osmotic  pressures.  The  potentials  at  2  and  4  are,  there- 
fore, equal  and  opposite,  and  can  also  be  left  out  of  account.  This 
leaves  the  potentials  at  1  and  3,  and  these  can  be  calculated  by  the 
method  already  given.  Let  c,  and  aj  be  the  relative  velocities  of 
potassium  and  chlorine  ions,  and  c^  and  a.j  the  relative  velocities  of 
hydrogen  and  chlorine  ions  ;  the  electromotive  force  of  this  element 
would  be  calculated  as  follows,  from  the  equation  ]'ust  deduced. 
The  electromotive  force  would  be  the  difference  between  these  tw( 
potentials :  — 

~  Ci  +  ([,    Cu        2h      Cj  +  «i 

p  and  j)|  are  the  osmotic  pressures  of  the  potassium  and  chlorine 
ions  in  the  more  concentrated  and  more  dilute  solutions,  respectively ; 
p'  and  pi'  the  osmotic  pressures  of  the  hydrogen  and  chlorine  ions 
in  the  solutions  of  hydrochloric  acid  :  — 


-In'- 


ed. 


Introducing  this  into  the  last  equation,  we  have  — 


This  is  the  expression  for  calculating  the  electromotive  force  in 
liquid  elements  like  the  above  where  the  valence  of  the  cation  is 
the  same  as  that  of  the  anion.     If  they  ere  different,  we  will  repre- 
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sent  the  valence  of  the  cations  by  v  and  v%  and  that  of  the  anions 
by  Vi  and  Vi  ;  the  equation  for  the  electromotive  force  would  then 
become  — 

C|       Ctj        C]        CC] 

V       Vi       v'       Vi 


7r= 


,0.0002  riog^ 


The  electromotive  force  of  the  liquid  elements  which  have  been 
studied,  as  calculated  from  the  above  equation,  agrees  with  that 
measured,  to  within  the  limits  of  experimental  error. 

It  should  be  observed  that  the  expression  deduced  above  holds 
only  for  the  potential  at  the  contact  of  solutions  of  the  same  electro- 
lyte, the  solutions  being  of  different  concentrations.  If  different 
electrolytes  are  used,  we  have  no  general  means  of  calculating  the 
potential  at  their  surface  of  contact. 

It  should  be  stated  before  leaving  the  subject  of  liquid  elements, 
that  the  potential  at  the  contact  of  two  solutions  is  usually  not  great, 
and  that  the  electromotive  force  of  liquid  elements  is  in  general  not 
large. 

Sources  of  Potential  in  a  Concentration  Element.  —  We  may  now 
analyze  more  closely  the  electromotive  force  in  a  concentration  ele- 
ment in  the  light  of  what  we  have  learned  about  the  liquid  element. 
Thus  far  we  have  dealt  with  the  concentration  element  as  if  the  only 
sources  of  the  potential  were  at  the  points  of  contact  of  the  elec- 
trodes and  the  solutions.  And  indeed  this  is  practically  time  in  the 
cases  of  the  concentration  element  which  we  have  studied. 

We  have  learned  from  the  study  of  the  liquid  element  that  the 
plane  of  contact  of  two  solutions  of  an  electrolyte  is  also  a  seat  of 
potential.  In  the  concentration  element  there  is  always  such  a 
contact  between  two  solutions  of  the  electrol3rte,  and  this  must  be 
a  source  of  potential.  In  the  concentration  element  which  we  have 
studied,  this  potential  is  so  small  that  it  can  practically  be  neglected. 
While  the  potential  between  solutions  is  usually  small,  it  may,  how- 
ever, easily  assume  proportions  which  must  be  taken  into  account. 
We  must  now  see  how  it  is  possible  to  calculate  the  potential  at  the 
contact  of  the  two  solutions  in  the  concentration  element.  We  can 
then  analyze  the  electromotive  force  of  a  concentration  element  into 
its  three  constituents,  and  calculate  the  magnitude  of  the  potential 
at  each  electrode,  and  also  at  the  surface  of  contact  of  the  elec- 
trolytes. 

Let  the  potential  at  one  electrode  be  ir',  at  the  other  electrode 
it",  and  at  the  contact  of  the  two  electrolytes  w'".     The  values 
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of   these   poteiUiala 
f ormulaB :  — 


are    calculated    by    means    of    the    following 

5r'  =  0.0002  riog^; 
Pi 

v'= -0.0003  riog^t 


"  =  0.0002  T- 


Vt 


These  equations  obtain  for  univalent  ions.  If  the  valence  of  thff* 
ion  is  greater  than  one,  this  must  be  taken  into  account  in  the  way 
already  described.  The  sum  of  the  three  potentials  must  then  be 
the  potential  of  the  concentration  element. 


w- 


^'  4-  ,"  =  -  0.0002  T  log^'; 

Pt 

,r"}  4-  t"  =  0.0002  T  ^"..logg 


ft 


This  must  be  the  same  as  the  equation  already  deduced  (p.  391) 
for  the  concentration  element.  It  will  be  seen  to  be  the  case,  if  we 
consider  that  n,  =  2,  and  v  for  univalent  ions  equals  1. 

We  can  thus  calculate  the  magnitude  of  the  three  sources  of 
potential  in  a  concentration  element  of  the  first  class.  An  element 
of  this  class  has  been  chosen,  since  the  relations  are  somewhat 
simpler.  The  main  sources  of  potential  are  at  the  contact  of  elec- 
trode and  electrolyte,  while  a  very  small  potential  exists  at  the  con- 
tact of  the  two  electrolytes.  In  elements  of  this  kind  it  is  perfectly 
clear  that  there  is  no  potential  where  the  two  electrodes  come  in  con- 
tact, because  these  are  of  the  same  metal. 

Chemical  Elements.  —  In  the  elements  which  we  have  thus  far 
considered,  the  electrical  energy  is  not  produced  at  the  expense  of 
chemical  energy,  as  Le  Blanc  '  clearly  points  out.  Since  the  intrin- 
sic or  chemical  energy  of  the  substances  in  the  cell  remains  unaltered, 
the  electrical  energy  produced  in  the  cell  mnst  come  mainly  from 
the  heat  of  surrounding  objects,  which  is  converted  Into  electrical 
energy  in  the  cell. 

There  are,  however,  forms  of  elements  in  which  chemical  energy 
is  converted  into  electrical,  and  these  are  termed  rhemiaii  elerwuia. 
Such  elements  may  transform  the  chemical  energy  quantitatively 
into  electrical ;  or  only  a  portion  of  the  chemical  energy  may  be 
transformed  into  electrical,  the   remainder  appearing  as  heat;  or. 

•  LehrbMh  der  ElflUrochemie,  p.  100. 
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finally,  a  part  of  the  electrical  energy  may  come  from  the  chemical 
energy,  and  the  remainder  from  the  heat  taken  up  by  the  cell  and 
transformed  into  electrical  energy. 

There  is  thus  no  very  sharp  distinction  between  chemical  elements 
and  non-chemical  elements.  There  are,  however,  elements  in  which 
most  of  the  electrical  energy  comes  from  chemical  energy,  and  these 
we  will  include  under  the  head  of  chemical  elements,  to  distinguish 
them  from  those  elements  where  no  chemical  energy  is  converted 
into  electrical. 

It  is  obvious  that  there  might  be  a  large  number  of  elements  in 
which  a  small  portion  of  the  electrical  energy  was  produced  from 
chemical  energy,  and  the  remainder  from  heat  energy.  Such  would 
obviously  not  fall  into  either  of  the  above  classes. 

We  will  take  as  a  type  of  the  chemical  element  the  Danidl  ele- 
ment, which  consists  of  zinc  immersed  in  a  solution  of  zinc  sulphate, 
and  copper  immersed  in  a  solution  of  copper  sulphate.  Zinc  dis- 
solves, passing  into  solution  as  ions,  while  ions  of  copper  separate 
from  the  solution  in  the  metallic  form.  The  zinc  electrode  is  there- 
fore negative,  and  the  copper  positive ;  the  current  passing  on  the 
outside  from  the  copper  to  the  zinc. 

In  calculating  the  electromotive  force  of  the  Daniell  element,  the 
solution-tension  of  both  the  copper  and  the  zinc  must  be  taken  into 
account.  In  the  elements  which  we  have  thus  far  considered,  both 
electrodes  were  of  the  same  metal.  The  solution-tension  of  the 
metal  was,  therefore,  the  same  upon  both  sides  of  the  cell,  and  being 
of  equal  value  and  opposite  sign,  it  disappeared  from  the  equation 
for  the  electromotive  force  of  the  element.  Whenever  the  electrodes 
are  of  different  substances,  their  solution-tensions  being  of  unequal 
values  must  be  taken  into  account. 

The  application  of  our  fundamental  equation  to  the  electromotive 
force  of  the  Daniell  element  will  serve  as  an  example  of  the  way  in 
which  it  may  be  applied  to  other  well-known  elements.  The  electro- 
motive force  is  equal  to  the  difference  in  potential  at  the  two  elec- 
trodes, since  the  potential  at  the  contact  of  the  zinc  sulphate  and 
copper  sulphate  is  so  slight  that  we  can  practically  disregard  it. 

Representing  the  potential  at  the  two  electrodes  by  vi  and  7r„  we 
have  — 

RTy      P 

ir,=  In  -i; 

in  which  P  and  P]  are  the  solution-tensions  of  the  two  metals :  — 

2d 
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In  the  light  of  this  example,  the  application  of  the  conceptions 
here  developed  to  otlier  special  cases  should  be  a  aimjde  matter. 

Oxidation  and  Seduction  Elements.  —  A  type  of  elements  which 
illustrates  very  well  the  transformation  of  chemical  energy  into 
electrical,  ia  known  as  the  oxidation  and  reduction  elements.  These 
must  be  considered  very  briefly.  In  a  paper  on  "  Chemical  Action 
at  a  Distance," '  Ostwald  described  such  phenomena  as  the  foUow- 
iug.  If  we  have  a  solution  of  ferrous  chloride  in  contact  with  a 
solution  of  potassium  chloride  which  contains  fi-ee  chlorine,  and 
plunge  carbon  or  platinum  electrodes  into  the  two  liquids,  we  have 
an  element.  It  is  not  even  necessary  that  the  two  solutions  should 
come  in  contact;  they  may  be  separated  by  an  electrolyte,  say  & 
solution  of  potassium  chloride.  Ostwald  recommended  the  following 
experiment;  Two  beakers  are  filled  —  the  one  with  a  solution  of 
ferrous  chloride,  the  other  with  a  solution  of  potassium  chloride 
saturated  with  chlorine.  Platiimm  electrodes  are  introduced  into 
each  vessel,  and  are  connected  with  each  other  through  a  galva- 
nometer. The  two  beakers  are  connected  by  means  of  a  siphon 
filled  with  a  solution  of  potassium  chloride,  and  the  ends  loosely 
stoppered  with  rolls  of  filter-paper.  When  the  circuit  is  closed  the 
galvanometer  shows  that  a  current  is  passing;  and  it  flows  in  the 
liquid  from  the  ferrous  chloride  to  the  chlorine.  Within  the  cell 
the  ferrous  ion  passes  over  into  the  ferric  ion,  and  at  the  same  time 
an  equivalent  number  of  chlorine  ions  are  formed  on  the  other  side 
of  the  cell.  There  is  evidently  an  oxidation  of  the  iron  and  a  re- 
duction of  the  chlorine  taking  place. 

We  must  now  define  oxidation  and  reduction  in  an  electrical 
sense.  An  electrkal  oxidizing  agent  is  one  in  which  there  is  a 
tendency  to  form  new  negative  charges,  or  to  cause  positive  charges 
to  disappear.  An  electrical  reducing  agent  is  one  in  which  there  is 
a  tendency  to  form  new  positive  ion  charges,  or  to  cause  negative 
charges  already  present  to  disappear. 

In  the  above  element  the  ferrous  ion  takes  up  a  positive  charge 
from  the  electrode  with  which  it  is  in  contact,  Itecoming  a  ferric 
ion,  and  the  corresponding  negative  charge  is  taken  from  the  other 
electrode  by  the  chlorine,  which  Itecomes  an  anion.  The  electrode 
immersed  in  the  reducing  agent  (FeCIj)  is,  therefore,  the  anode,  while 
the  electrode  immersed  in  the  oxidizing  agent  is  the  cathode. 

■  ZCschr.  phys.  Clif-ni.  9,  649  (18M). 
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As  Ostwald  observes,  this  element  seems  to  represent  chemiccU 
action  as  taking  place  aX  a  distance,  —  the  chlorine  in  one  vessel  con- 
verting the  ferrous  iron  in  another  vessel  into  ferric  iron.  But  as 
we  have  just  seen,  it  is  readily  explained  in  the  light  of  the  theory 
of  electrolytic  dissociation. 

The  measurement  of  the  electromotive  force  of  a  number  of  such 
elements  was  carried  out  in  Ostwald's  laboratory  by  W.  D.  Bancroft.* 
The  more  important  conclusions  at  which  he  arrived  are:  — 

The  electromotive  force  is  an  additive  property,  i.e,  the  sum  of 
two  constants,  one  depending  on  the  oxidizing  agent,  the  other  on 
the  reducing  agent. 

It  is  independent  of  the  concentration,  and  of  the  nature  of  the 
electrodes,  if  these  are  not  attacked  by  the  electrolytes. 

It  is  also  independent  of  the  nature  of  the  electrolyte  used  in  the 
siphon. 

The  Oas-battery.  —  The  typical  gas-battery  consists  of  an  electro- 
lyte, two  gases  which  can  act  chemically  upon  one  another,  and  two 
platinum  electrodes  which  are  partly  surrounded  by  the  electrolyte, 
and  partly  by  the  gases. 

Take  as  a  simple  example,  hydrogen  over  one  electrode  and 
chlorine  over  the  other,  the  electrolyte  hydrochloric  acid,  and  the 
electrodes  platinum.  Hydrogen  and  chlorine  will  pass  into  solution 
at  the  two  poles  until  there  is  an  equilibrium  between  the  force 
driving  these  substances  into  solution  (solution-tension),  and  the 
osmotic  pressure  of  the  hydrochloric  acid  solution,  which  acts 
against  the  above-named  force.  The  hydrogen  pole  is  negative, 
since  the  solution-tension  of  the  hydrogen  is  greater  than  the  osmotic 
pressure  of  the  solution;  the  hydrogen  atoms  becoming  ions  by 
taking  positive  electricity  from  the  platinum  electrode,  which  thus 
becomes  negative.  Exactly  the  opposite  result  is  obtained  at  the 
other  electrode,  chlorine  atoms  becoming  ions  by  taking  negative 
electricity  from  the  electrode,  which  therefore  becomes  positive. 

Ostwald'  has  shown  that  the  theory  of  Nemst  can  be  applied 
also  to  the  electromotive  force  of  the  gas-battery.  He  has  worked 
out  even  a  simpler  case  than  the  one  given  above.  We  will  take 
up  first  the  simplest  possible  case,  where  we  have  the  same  gas,  say 
hydrogen,  over  both  electrodes,  the  hydrogen  upon  the  two  sides 
being  at  different  pressures. 

The  action  of  such  an  arrangement  would  be,  as  Ostwald  BhowB, 

»  Ztschr.phys.  Chem.  10,  887  (1892). 
«  Lehrb.  d.  Allg.  Chem.  II,  p.  896. 
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to  equalize  the  pressure  of  the  gas  on  the  two  sides  of  the  < 
Hydrogen  must  pass  iuto  solution  as  ious  upon  tho  side  where  it 
is  under  the  greater  pressure,  and  ions  of  hydrogen  must  separate 
as  gas  upon  the  other  side  of  the  cell.  Upon  the  side  where  hydro- 
gen atoms  are  becoming  ions,  they  take  positive  electricity  from  the 
electrode,  which  becomes  negative,  and  the  other  electrode  positive, 
because  positive  hydrogen  ions  are  giving  their  charges  up  to  it. 
We  have  here  an  analogue  of  the  conceutratloa  element,  and  the 
electromotive  force  can  be  calculated  in  a  similar  manner. 

The  electromotive  force  of  this  element  also  is  the  differenod  'J^h 
the  potential  upon  the  two  sides :  —  ^H 

vea         p,         VEa         pi 
where  P  is  the  solution-tension  of  hydrogen,  and  j),  and  p,  the  press- 
ures of  the  hydrogen  gas  upon  the  two  sides.     The  solution-tension, 
being  the  same  upon  both  sides  of  the  cell,  disappears  as  ia  the 
concentration  element,  and  then  we  have  — 
0.0002  T ,      p, 


Since  tor  hydrogen,  ■ 


=  2,  we  have  — 

w  =  0.0290  log  £'. 


Ostwald'  ha,s  also  calculated  the  electromotive  force  for  a  gas- 
battery  consisting  of  two  gases.  But  as  this  has  been' worked  oul 
much  more  fully  by  Smale,"  we  will  turn  to  his  work. 

Take  the  case  of  oxygen  at  one  pole  and  hydrogen  at  the  o 

Let  P]  be  the  solution- tension  of  hydrogen. 

Let  P^  be  the  solution-tension  of  oxygen. 

Let  T  be  the  absolute  temperature. 

The  potential  at  the  hydrogen  pole  is  — 

,r,  =  0,0002  r  log  S. 
Pi 
Since  the  solution-tension  of  osygen  is  negative, - 

,rj  =  0.0002  r  log  .^1 


^g-t)^ 


IT,  -  IT,  =  7r  =  0.0002  Th 

ir  =  0.0002  T  log  f^  +  ^\ 
."  Ztechr.  phys.  Chem.  H,  677,  and  1«,  S8S. 
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The  theoretical  consequences  of  this  equation  are  very  interest- 
ing. Pi  and  P^  the  solution-tensions  of  the  gases,  ai'e  indepeiident 
of  the  nature  and  concentration  of  the  electrolyte  used  on  the  two  sides 
of  the  element;  and  pi  and  />,  are  practically  constant  for  solutions  of 
nearly  the  same  dissociation. 

Smale  ^  has  tested  this  point,  using  seven  acids,  three  bases,  and 
seven  salts.  The  concentrations  for  the  same  electrolyte  vary  in 
most  cases  from  0.1  to  0.001  normal.  He  found  that  the  electro- 
motive force  of  the  hydrogen-oxygen  battery  was  practically  con- 
stant, independent  of  both  the  nature  and  concentration  of  the 
electrolytes  used  beneath  the  gases. 

A  few  results  taken  from  the  work  of  Smale  will  bring  out  this 
fact. 


Elkctbol\-tx  Ubkd 

CONOKNTRATION  NORMAL 

iiiaM.ir. 

HCl 

0.1 

0.998 

HCl 

0.01 

1.036 

HCl 

0.001 

1.065 

KOH 

0.1 

1.098 

KOH 

0.01 

1.096 

KOH 

0.001 

1.093 

K2SO4 

0.1 

1.074 

K2SO4 

0.01 

1.069 

K2SO4 

0.001 

1.069 

The  results  thus  agree  satisfactorily  with  the  deduction  from 
theory. 

If  instead  of  oxygen  other  gases,  as  chlorine,  are  used,  the 
electromotive  force  depends  upon  the  concentration  of  the  electro- 
lyte, which  also  agrees  with  theory,  as  is  shown  by  Smale. 

This  work  of  Smale  furnishes  then  another  beautiful  experi- 
mental confirmation  of  the  consequences  of  that  theory,  which  has 
enabled  us  to  calculate  the  electromotive  force  of  concentration 
elements,  liquid  elements,  etc. 

A  number  of  other  types  of  elements  might  be  taken  up,  and 
their  electromotive  force  calculated  from  the  method  of  Nernst, 
which,  as  we  have  already  seen,  is  based  upon  Van't  HoflTs  laws  of 
osmotic  pressure  and  Arrhenius'  theory  of  electrolytic  dissociation. 
This  is,  however,  not  necessary,  since  the  application  to  special 
cases  is  simple  if  the  fundamental  principles  are  once  grasped. 

*  Loc,  cU, 
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MEASUREMENT  OF  DIFFERENCES  OF  POTENTIAL  BETWEEN 
METALS    AND    ELECTROLYTES  —  CALCULATION    OF    THE 

SOLUTION-TENSION   OF   METALS 

Differences  of  Potential  between  Metab  and  Electrolyte*.  — It  is 

obvioua  from  our  studies  of  the  at'tion  ot  the  primaiy  cell,  that  when 
a  metal  ia  immersed  in  a  solution  of  oue  of  its  salts,  there  is  established 
a  difference  in  potential  between  the  metal  and  the  solution.  In- 
deed, we  have  seen  that  this  la  the  chief  source  of  the  electromotive 
force  in  such  elements.  The  cause  of  this  diffei-ence  in  potential 
we  have  learned  is,  on  the  one  hand,  the  solution-tension  of  the 
metal  tending  to  drive  ions  from  the  metal  into  the  solution,  and  the 
osmotic  pressure  of  the  solution  acting  counter  to  this,  tending  to 
cause  the  cations  already  present  to  separate  on  the  electrode  in  the 
metallic  condition.  The  result  is  the  formation  of  the  Helniholtz 
double  layer,  and  a  difference  in  potential  between  the  metal  and 
the  solution.  It  is  very  desirable  to  know  the  m^nitude  of  these 
potential  differences,  and  to  the  measurement  of  such  differences  we 
shall  now  turn. 

Keasurement  of  Individnal  Differences  of  Potential.  —  A  number 
of  methods  have  been  devised  and  used  for  measuring  differences 
of  potential  between  metals  and  solutions.  Reference  only  can  be 
made  to  that  involving  the  use  of  droiJ-electrodes.'  We  shall  now 
study  in  some  detail  the  method  involving  the  use  of  the  "normal 
electrode."  This  method  is  based  itpon  the  use  of  an  electrode 
whose  potential  is  known.  This  is  connected  with  the  electrode 
whose  difference  in  potential  it  ia  desired  to  measure,  and  the 
electromotive  force  of  the  whole  determined.  Since  the  potential 
of  the  normal  electrode  is  known,  that  of  the  electrode  iu  question 
is  determined  at  once,  the  electromotive  force  of  the  two  when 
combined  being  the  difference  between  the  potentials  on  the  two 
sides. 

The  form  of  "  normal  electrode "  used  by  Oatwald  is  shown 
in  Fig.  52.  The  bottom  of  a  glass  tube  A,  about  8  cm.  high, 
and  2  to  2^  cm.  in  diameter,  ia  covered  with  mercury.  Over 
the  mercury  is  placed  a  layer  of  mercnrous  chloride,  and  the  glass 
vessel  is  then  filled  with  a  normal  solution  of  potassium  chloride. 
A  platinum  wire.  Pi,  passed  into  a  glass  tube  and  protruding  beyond 
its  end,  dips  into  the  mercury.     This  serves  as  one  electrode.    The 

1  Ostwald :  Zlschr.  phy».  Chftn.  1,  583  (1887) ;  see  also  Outlints  of  Slaa 
clitmigtrg,  Jonea  (Elec.  Rev.  Pub.  Co.). 
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►•OLUnOH'-s^-^    :=E3r^:^:E 


Fig.  52. 


other  glass  tube,  t,  passing  through  the  cork,  is  filled  also  with  the 
normal  solution  of  potassium  chloride.  The  glass  tube,  ^,  at  the  end 
of  the  rubber  tube,  is  inserted  into  the  liquid  whose  potential 
against  a  given  metal  it  is  desired  to  measure.  The  metal  serves 
as  the  second  electrode.  The  electromotive  force  of  the  whole 
system  is  now  meas- 
ured. Knowing  the  jffs^'^ 
potential  on  the  one  /v 
side,  that  on  the  other 
is  obtained  at  once. 

If  the  liquid  in 
the  electrode  whose 
potential  it  is  desired 
to  measure  acts  chem- 
ically upon  potassium 
chloride,  a  solution  of 
some  indifferent  sub- 
stance is  interposed 
between      the      two. 

Thus,  if  we  were  measuring  the  difference  in  potential  between  lead 
and  lead  nitrate,  a  solution  of  some  neutral  nitrate  (as  potassium  or 
sodium)  would  be  interposed  in  the  circuit.  The  use  of  potassium 
chloride  is  very  desirable,  since  the  potassium  and  chlorine  ions 
move  with  very  nearly  the  same  velocity,  and,  therefore,  any  poten- 
tial difference  at  the  contact  of  the  two  electrolytes  would  be  very 
small. 

The  potential  of  the  normal  electrode  just  described  is  0.56  volt. 
The  metal  is  positive,  the  electrolyte  negative,  which  means  that 
there  is  a  tendency  for  the  mercury  ions  present  to  separate  from 
the  solution  as  metallic  mercury ;  and  this  tendency  is  expressed  in 
potential  by  0.56  volt. 

In  such  measurements  the  potential  of  the  metal  is  taken  as 
zero,  and  the  electrolyte  expressed  as  either  positive  or  negative. 
The  normal  electrode  just  described  has  then  a  potential  of  —  0.56 
volt. 

By  means  of  this  normal  electrode,  potential  differences  between 
metals  and  electrolytes  can  be  easily  measured. 

Let  us  take  as  an  example,  the  potential  difference  of  magnesium 
against  a  normal  solution  of  magnesium  chloride.  The  "normal 
electrode "  is  connected  with  a  vessel  containing  a  normal  solution 
of  magnesium  chloride,  into  which  a  bar  of  magnesium  dips.  The 
electromotive  force  of  this  combination  was  measured  and  found  to 
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be  1.791  volts.     We  know  that  the  electromotive  force,  w,  of  thia 
element  is  expressed  thus:  — 

_KT.P_MT. 


w  = ;- —  In ' 


■ln£ 


Pi 


(1) 


in  which  P  la  the  solution-tenaion  of  magnesium,  p  the  osmotic 
presBure  of  the  magnesiam  iona  in  the  solution,  2  the  valence  of 
magnesium ;  /"[  the  solution-tenaion  of  mercury,  and  pi  the  osmotic 
pressure  of  the  mercury  ions  in  the  solution.     We  have  just  seen, 


however,  that, 

:??lnfi= -0.56  volt 
^        Pi 

Substituting  iu 

equation  (1)  we  have  — 

or. 
But, 

1.791  =  ^ln^  +  0 
2%      P 

!?■  In  f=  1.231  volts. 
2«,      p 

4^1n:?_0.0291oB?- 
211,     p                    p 

therefore. 

0.029  log?=1.231  volts. 

The  difference  in  potential  between  magnesium  and  a  normal  solu- 
tion of  magnesium  chloride  is,  then,  1.231  volts. 

The  differences  of  potential  between  a  number  of  metals  and 
normal  or  saturated  solutions  of  their  salts  have  been  measured  bj 
Neumann,  working  in  Ostwald's  laboratory.  The  following  data 
ate  token  from  the  results  which  he  obtained :  — 


M»T*L 

Suu-n.i* 

Cnuiin). 

Magnesmm 

+  I'.-m 

+  l"231 

AlumiQium 

-(- 1.040 

+  L016 

Zinc  . 

+  0.634 

+  0.603     ^ 

CftUraium 

-1-  0.162 

+  0,174     ^1 

Iron   . 

+  0.003 

+  0.097     ■ 

Cobalt 

-  0.019 

-0.0IS     ■ 

Nickel 

-  0.022 

-0.020  H 

Tin    . 



-0.0U6    ^H 

Lead  . 

. 

-0.00fi   ^1 

Copper 

-  0,616 

—  ■ 

Mercury 

-0.0B0 

—  ■ 

Silver 

-  0.874 

—  ■ 

Gold  . 



-  ].:t68   ^M 

Platinum 
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Effect  of  the  Vftture  of  the  Anion. — The  question  as  to  the  effect 
of  the  anion  on  the  potential  between  the  metal  and  the  solution 
was  raised  by  Neumann.  In  addition  to  sulphates  and  chlorides, 
which  gave  very  nearly  the  same  results,  he  used  also  nitrates  and 
acetates.  The  results  in  the  latter  cases  were  very  different  from 
those  obtained  with  the  chlorides  and  sulphates.  The  discrepancies 
in  the  case  of  the  acetates  may  be  accounted  for  in  part  as  due  to 
differences  in  the  degree  of  dissociation  of  the  different  salts.  In 
the  case  of  the  nitrates  the  NOj  ion  undoubtedly  has  some  action 
on  the  metal  electrodes.  If,  however,  we  take  all  of  these  possibilities 
into  account,  there  are  still  discrepancies  which  are  not  satisfactorily 
explained. 

To  test  the  effect  of  the  anion  on  the  potential  difference, 
Neumann  ^  prepared  twenty-three  salts  of  thallium,  and  studied  the 
potential  between  the  metal  and  their  solutions  at  different  concen- 
trations. These  include  the  thallium  salts  of  seventeen  organic  acids, 
five  inorganic  acids,  and  the  hydroxide.  A  few  of  his  results  are 
given  below. 


Salts  of  Tuallium 

10 

n 

50 

n 
100 

Potential 

Potential 

Potential 

Hydroxide 

0.670 

0.704 

0.715 

Nitrate      .... 

0.671 

0.7066 

0.716 

Formate    .... 

0.676. 

0.7046 

0.715 

Acetate     .... 

0.677 

0.7065 

0.715 

Malonate  .... 

0.678 

0.706 

0.715 

Tartrate    .... 

0.677 

0.706 

0.715 

Benzoate  .... 

0.680 

0.705 

0.7155 

These  results  show  that  for  equally  dissociated  substances,  the 
anion  is  without  influence  as  far  as  the  salts  of  thallium  are  con- 
cerned. 

Calculation  of  the  Solution-tension  of  Metals.  —  The  difference  in 
potential  between  a  metal  and  the  solution  of  the  electrolyte  in  which 
it  is  immersed  is  due,  as  we  have  seen,  to  the  solution-tension  of  the 
metal,  and  to  the  osmotic  pressure  of  the  cations  in  the  solution.  If 
we  know  the  value  of  this  potential  difference  and  of  the  osmotic 
pressure  of  the  cations  in  the  solution,  it  is  obvious  that  we  can  cal- 


^Ztschr.  phys.  Chem,  14,  226  (1894). 
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culate  the  solution-tensioa  of  the  metal.     We  have  seen  that  the 

potential  difference,  which  we  wilJ  call  w,  is  expressed  thus :  — 


where  n.  is  the  valence  oi  the  catdon,  p  the  osmotic  pressure  of  the 
catiuns  in  the  solution,  and  P  the  solution-tensioii  of  the  metaL  If 
V  and  p  are  known,  P  can  be  calculated  at  once.    Thus :  — 


0.058 


-  log  p. 


The  solution-tensions  of  some  of  the  more  common  metals  calcu- 
lated from  this  equation,  using  the  values  of  n-as  found  by  Neumann, 
are  given  in  the  following  table.  The  values  of  ir  for  the  chlorides 
are  used  whenever  they  were  determined ;  when  this  is  not  avail- 
able, the  value  for  the  sulphate  was  used.  The  value  of  the  osmotic 
pressure  of  the  cations  in  the  normal  solutions  is  taken  as  22  atmos- 
pheres. 


Magnesium 10** 

Zinc 101" 

Aluminium 10" 

Cadmium 3  x  10" 

Iron 10* 

Cobalt 2  X  100 

Nickel 1  X  I0» 

Lead 10'' 

Murcury lO"" 

Silver 10"" 

Copper 10"* 


I 


The  Tension  Series.  —  When  the  metata  are  arranged  as  above 
in  the  order  of  their  solution-tensions,  we  have  what  is  known  as  the 
tension  series.  The  position  of  a  metal  in  the  tension  series,  like 
its  position  in  the  Periodic  System,  conditions  many  of  its  properties. 
Thus,  a  metal  anywhere  in  the  series  will  tend  to  precipitate  from 
its  salts  any  metal  lower  in  the  series.  Thus,  it  is  well  known  that 
zinc  will  precipitate  copper  from  its  salts,  and  so  on. 

A  metal  at  any  point  in  the  series,  when  made  one  pole  of  a 
battery  against  a  metal  lower  in  the  series  as  tlie  other  pole,  will 
throw  off  ions  into  solution,  and  thus  become  the  negative  pole. 
Thus,  zinc  is  the  negative  pole  in  almost  all  elements  in  which  it 
occurs.  The  position  of  an  element  in  the  tension  series  is  thus  & 
matter  of  fundamental  importance,  being  very  closely  connected  with 
the  inherent  nature  of  the  metal  itself. 
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Constancy  of  Solution-tenBion. — It  was  supposed  for  a  time  that 
the  solution-tension  of  a  metal  is  a  characteristic  constant  for  the 
substance.  This  view  was  held  by  Ostwald  and  developed  in  his 
Lehrbuch.  On  page  852  it  is  stated  that  "  the  value  P,  of  the  elec- 
trolytic solution-pressure,  is  a  constant  peculiar  to  the  metal,  which 
depends  upon  the  temperature  only,  and  generally  increases  with 
increasing  temperature." 

So  far  as  we  know  this  holds  for  a  given  solvent,  but  does  not 
apply  to  different  solvents.  Jones  ^  has  found  that  the  solution-ten- 
sion of  metallic  silver,  when  immersed  in  an  alcoholic  solution  of 
silver  nitrate,  is  only  about  one-twentieth  of  that  in  an  aqueous 
solution.  We  can,  therefore,  regard  solution-tension  as  a  constant 
only  for  any  given  solvent  in  which  the  salts  of  the  metal  are  dis- 
solved. Indeed,  this  is  what  we  would  expect,  when  we  consider 
that  nearly  every  substance  dissolves  differently  in,  or  has  a  specific 
solution-tension  toward,  every  solvent.  If  the  substances  which 
dissolve  readily  in  solvents  vary  so  greatly  from  solvent  to  solvent, 
as  we  know  they  do,  why  should  not  substances  which  are  only 
slightly  soluble,  such  as  the  metals,  show  this  same  difference  ? 

Kahlenberg  *  has  extended  the  work  which  was  begun  by  Jones, 
using  a  number  of  metals  and  quite  a  number  of  solvents.  He  con- 
firms the  above  conclusion  that  the  solution-tensions  of  metals  vary 
greatly  from  solvent  to  solvent.  Quite  recently,  Jones  and  Smith  • 
have  shown  that  the  solution-tension  of  zinc  in  water  is  10**  times  its 
solution-tension  in  ethyl  alcohol. 

Difference  in  Solution-tensions  of  Metals.  Chemical  Action  at  a 
Distance.  —  Reference*  has  already  been  made  to  the  paper  by  Ost- 
wald on  "  Chemical  Action  at  a  Distance."  Under  that  same  head 
he  describes  an  experiment  which  must  be  referred  to  here.  Ost- 
wald begins  his  paper  by  calling  attention  to  the  fact  that  amalga- 
mated zinc  is  not  dissolved  by  dilute  acids,  but  if  the  zinc  is 
surrounded  by  a  platinum  wire,  it  is  dissolved  by  the  acid.  It  is 
not  even  necessary  for  the  platinum  wire  to  surround  the  zinc,  for  if 
the  wire  touches  the  zinc  at  any  one  point,  solution  will  take  place. 

Ostwald  suggests  that  the  zinc  and  platinum  wire  be  joined  at 
one  place,  and  then  the  free  ends  of  both  immersed  in  a  vessel  con- 
taining, say,  potassium  sulphate.  Let  a  screen  of  some  porous  ma- 
terial be  placed  between  these  free  ends  of  the  platinum  and  zinc, 

>  Ztschr.  phys.  Chem.  14,  346  (1894).     Phfi.  Bev.  8,  81  (1894). 
«  Journ.  Phys.  Chem.  8,  370  (1889). 
»  Amer.  Chem.  Journ.  28,  397  (1900). 
*  Ztschr.  phys.  Chem.  9,  MO  (1892). 
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so  that  the  salt  solution  around  the  one  is  separated  f 
around  the  other.  He  then  asks  the  question,  to  which  metal  must 
sulphuric  acid  be  added  in  order  that  the  zinc  may  be  dissolved  by 
the  acid '! 

"  The  question  seems  at  first  sight  to  be  absurd ;  since  in  order 
that  the  zinc  should  dissolve,  it  appears  to  be  self-evident  that  the 
acid  should  be  added  to  the  ziuc.  If  we  carry  out  the  experiment, 
we  find  exactly  the  reverse  to  be  true.  The  zinc  does  not  dissolve 
rapidly,  if  acid  is  added  to  the  solution  of  potassium  sulphate  around 
the  zinc.  If,  on  the  contrary,  the  acid  is  added  to  the  solution 
around  the  platinum,  the  zinc  dissolves  with  a  copious  evolution  of 
hydrogen  gas.  The  hydrogen  appears  on  the  platinum,  as  is  always 
the  case  when  zinc  is  in  combination  with  platinum.  To  dissolve 
the  zinc  under  the  conditions  described,  the  solvents  must  not  be 
allowed  to  act  on  the  metal  to  be  dissolved,  but  on  the  platinum 
which  is  in  contact  with  the  zinc." 

A  number  of  other  cases  are  cited. 

Zinc  in  sodium  chloride  behaves  in  the  same  manner  when  hydro- 
chloric acid  is  added  to  the  platinum.  Cadmium  also  behaves  like 
zinc.  Tin,  surrounded  by  sodium  chloride,  dissolves  when  hydro- 
chloric acid  is  added  to  the  platinum.  AJuminiuni  behaves  like  tin. 
Silver  connected  with  platinum  dissolves  in  sulphuric  acid  when  a 
few  drops  of  chromic  acid  are  added  to  tlie  platinum.  Gold  dis- 
solves in  sodium  chloride,  if  chlorine  is  brought  in  contact  with  the 
platinum. 

Experiment  to  demonstrate  Chemical  Action  at  ft  Dutftnoe.  —  Fill 
a  beaker  with  a  solution  of  potassium  sulphate.  Take  a  piece  of 
glass  tubing  about  10  cm.  long  and  2  cm,  wide,  and  close  the  lower 
end  with  vegetable  parchment.  Fit  a  bar  of  pure  zinc,  about  10  cm. 
long,  tightly  into  a  cork  which  just  closes  the  top  of  this  glass  tube. 
Fill  the  glass  tube  with  some  of  the  same  solution  of  potassium 
sulphate,  and  insert  the  bar  of  zinc  —  the  cork  closing  the  top  of  the 
glass  tube.  Around  the  top  of  the  zinc  bar  above  the  cork  wrap  a 
piece  of  platinum  wire  of  sufficient  length  to  reach  nearly  to  the 
bottom  of  the  beaker,  when  the  glass  tube  is  introduced  into  the 
beaker  in  the  manner  to  be  described  hereafter.  The  free  end  of 
the  platinum  wire  should  be  coiled  upon  itself  a  number  of  times,  or 
it  is  better  if  it  is  connect^'d  with  a  piece  of  platinum  foil  a  few 
centimetres  square,  so  a§  to  expose  a  larger  surface. 

The  glass  tube  is  now  immersed  in  the  beaker  until  the  surface 
of  the  solution  in  the  tube  is  only  a  centimetre  or  two  above  the 
surface  of  the  solution  in  the  beatcer,  the  free  end  of  the  platinum 
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wire,  or  the  platinum  foil,  being  allowed  to  rest  on  the  bottom  of 
the  beaker. 

If  a  few  drops  of  sulphuric  acid  are  introduced  into  the  potassium 
sulphate  just  around  the  bar  of  zinc,  the  zinc  will  be  very  slightly 
affected.  But  if  a  few  drops  of  sulphuric  acid  are  poured  upon  the 
coiled  end  of  the  platinum  wire,  or  upon  the  platinum  foil,  the  zinc 
will  dissolve  rapidly  in  the  neutral  potassium  sulphate  which  sur- 
rounds it,  and  a  copious  evolution  of  hydrogen  will  take  place  from 
the  platinum,  where  it  is  in  contact  with  the  sulphuric  acid.  After 
a  few  moments  the  presence  of  zinc  can  be  demonstrated  in  the  inner 
tube,  by  any  of  the  well-known  reactions  for  zinc. 

As  Ostwald  states,  similar  phenomena  have  long  been  known. 
More  than  forty  years  ago  Thomsen  ^  described  a  galvanic  element, 
which  consists  of  copper  in  dilute  sulphuric  acid,  and  carbon  in  a 
chromate  mixture.  When  the  carbon  and  copper  were  connected, 
the  metal  dissolved  as  the  sulphate  in  sulphuric  acid,  in  which 
copper  alone  is  not  soluble.  Becquerel,^  observed  a  similar  phe- 
nomenon in  the  case  of  the  element  Cu-ZnSOi-ZnSO^-Zn.  While 
many  similar  facts  were  known,  there  was  no  rational  explanation 
offered  to  account  for  them  until  Arrhenius  proposed  the  Theory  of 
Free  Ions. 

It  is  almost  self-evident  that  the  phenomenon  is  closely  connected 
with  electrical  changes.  Ostwald  demonstrated  this  by  introducing 
between  the  metal  and  the  platinum  a  fairly  sensitive  galvanoscope. 
When  the  acid  was  added  to  the  platinum,  the  presence  of  a  current 
was  shown  by  the  throw  of  the  instrument. 

The  explanation  of  this  phenomenon  is  perfectly  simple,  now 
that  we  have  the  theory  of  electrolytic  dissociation  and  are  familiar 
with  its  application  to  the  primary  cell. 

When  metallic  zinc  is  immersed  in  a  solution  of  a  neutral  salt, 
like  potassium  sulphate,  it  sends,  in  consequence  of  its  own  solution- 
tension,  a  certain  number  of  zinc  ions  into  the  solution.  The  zinc 
is  thus  made  negative,  and  the  solution,  which  has  received  the  posi- 
tive ions,  positive.  This  continues  until  a  definite  difference  in 
potential  between  metal  and  solution  is  established.  The  amount  of 
metal  required  to  effect  this  condition  is,  as  we  have  seen,  so  small 
that  it  cannot  be  detected  by  any  chemical  means. 

The  zinc  cannot  dissolve  further,  because  of  the  excess  of  positive 
ions  in  the  solution.  In  order  that  more  zinc  may  pass  into  solution, 
some  of  these  positive  ions  must  be  removed.     If  the  zinc  is  in  com- 

1  Pogff,  Ann.  Ill,  192  (1860).  «  Ann.  Chim.  Phys.  [2],  41,  6  (1820). 
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bination  with  aoother  metal,  such  as  plattnuo),  the  latter  takes  the 
same  negative  charge  as  the  zinc.  When  the  platinum  is  immersed 
in  the  solution,  it  attracts  the  excess  of  positive  ions  in  the  solution, 
and  these  collect  upon  the  platinum. 

We  would  expect  the  excess  of  positive  ions  in  the  solntion  to 
give  up  their  charge  to  the  negative  platinum,  and  separate  from  the 
solution,  or,  in  case  of  potassium  decompose  the  water  which  is 
present.  This  depends  both  upon  the  nature  of  the  iou  and  of  the 
electrode.  If  the  positive  ion  is  the  potassium  of  potassium  sul- 
phate, the  difference  in  potential  produced  by  introducing  the  zinc 
is  not  sufHcient  to  cause  this  iou  to  lose  its  charge  to  the  platinum. 
If  sulphuric  acid  is  added  to  the  platinum,  the  difference  in  poten- 
tial produced  by  introducing  the  bar  of  zinc,  is  sufficient  to  compel 
the  hydrogen  to  give  up  its  positive  charge  to  the  platinum,  and 
separate  as  ordinary  hydrogen.  The  platinum,  having  received 
positive  electricity  from  the  hydrogen  ions,  conducts  this  over  to  the 
zinc.  The  zinc  becomes  less  negative  than  before  the  hydrogen 
separated  at  the  platinum,  and  the  difference  in  potential  between 
the  zinc  and  the  .surrounding  solution  ib  less  than  before.  More 
zinc  dissolves  or  passes  over  into  ions,  more  hydrogen  ions  give  up 
their  charge  to  the  platinum  and  separate  as  gas  i  and  this  continues 
until  all  of  the  zinc  has  dissolved,  or  all  of  the  hydrogen  ions  have 
separated  as  gas. 

As  Ostwald  observes,  this  explanation  shows  not  only  why  the 
acid  must  be  added  to  the  platinum  and  not  to  the  zinc,  but  throws 
light  also  on  the  problem  of  the  solution  of  metals  in  general.  A 
word  or  two  on  this  subject.  It  has  long  been  known  that  pure  zinc 
does  not  dissolve  in  acids,  while  impure  zinc  readily  dissolves.  It 
is  quite  evident  that  the  zinc  in  the  two  cases  has  the  same  tendency 
to  dissolve.  Pure  zinc  dissolves  readily  when  in  contact  with  a 
metal,  such  as  platinum,  which  has  a  small  solution -tens  ion.  As  we 
have  seen  from  the  foregoing  explanation,  the  difference  is  not  in 
the  solution  of  the  zinc,  but  in  the  ease  with  which  the  hydrogen 
can  estnipe  from  the  solution.  The  presence  of  a  metal  with  small 
solution-ttmsion  allows  this  to  take  plat-^e  more  readily,  and  this  is 
the  reason  that  impure  zinc  dissolves  in  acids. 

The  reason  why  pure  zinc  does  not  dissolve  in  acids  is  because 
this  metal  has  a  strong  positive  solution -tension ;  it  sends  positively 
charged  ious  into  solution  under  a  high  solution-tension,  and,  there- 
fore, opposes  the  se^iaration  of  any  other  positive  ion,  like  hydrogen, 
u]>iiu  il.  Pure  zinc,  therefore,  does  not  dissolve  in  acids,  because 
till-  liyihugen  ions  cannot  give  up  their  positive  charges  and  escape. 
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When  a  metaJ  like  platinum,  whieh  has  a  small  solution-tension, 
is  present,  the  hydrogen  can  easily  give  up  its  charge  to  this  metal 
and  escape  as  gas.  The  zinc,  because  of  its  high  solution-tension, 
and  because  the  hydrogen  cations  can  so  easily  escape,  then  dis- 
solves. 

To  repeat  the  essential  steps  in  the  explanation  of  the  experi- 
ment described  above:  Pure  zinc  immersed  in  potassium  (or  any 
soluble)  sulphate,  to  which  sulphuric  acid  is  added,  or  in  a  solution 
of  pure  sulphuric  acid  itself,  does  not  dissolve  because  the  zinc  has 
such  a  high  solution-tension  that  the  hydrogen  ions  cannot  give  up 
their  charge  to  it  and  escape.  The  zinc,  however,  throws  a  few  ions 
into  solution  and  becomes  negatively  charged.  If  now  the  zinc  is 
connected  with  platinum,  which  has  a  small  solution-tension,  and 
the  acid  added  to  the  platinum,  the  hydrogen  ions  can  easily  give  up 
their  charge  to  the  platinum  and  escape  as  gas.  The  platinum, 
which  was  at  the  potential  of  the  zinc  with  which  it  is  in  combina- 
tion, now  becomes  positive  with  respect  to  the  zinc,  and  a  positive 
charge  therefore  flows  from  the  platinum  to  the  zinc.  The  zinc, 
having  received  positive  electricity,  can  begin  dissolving  anew,  and 
continue  to  pass  into  solution  as  long  as  it  receives  positive  elec- 
tricity from  the  platinum  —  as  long,  therefore,  as  there  are  any 
hydrogen  ions  in  the  solution  to  furnish  positive  electricity  to  the 
platinum.  Or,  as  we  are  accustomed  to  express  it,  as  long  as  there 
is  any  acid  in  contact  with  the  platinum. 

This  subject  will  be  concluded  with  a  paragraph  from  this  fas- 
cinating paper  by  Ostwald:  "We  see  that  the  usual  explanation, 
that  solution  takes  place  because  of  galvanic  currents  between  the 
zinc  and  the  other  metals,  is  not  in  strict  accord  with  the  facts.  The 
galvanic  currents  are  inseparably  connected  with  the  process  of  solu- 
tion, but  they  are  not  the  primary  causes  of  the  solution.  They  are 
set  up,  rather,  by  the  process  of  solution,  which  they  must  neces- 
sarily accompany  since  solution  is  a  question  of  ion  formation  and 
disappearance.  If  it  is  possible  for  the  positive  ions  present  to 
separate  in  any  way  from  the  solvent,  solution  takes  place." 


ELECTROLYSIS  AND  POLARIZATION 

Passage  of  Electricity  through  Electrolytes.  —  When  the  two  elec- 
trodes of  a  battery,  or  of  any  other  source  of  electricity,  are  placed 
in  a  solution  of  an  electrolyte,  the  current  flows  through  the  solution 
from  one  electrode  to  the  other.     Much  confusion  has  existed  in  the 
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naming  of  these  electrodes.  If  we  refer  to  them  as  positive  and  neg^ 
tive,  this  is  ambiguous.  If  we  name  them  iu  terms  of  the  direction 
of  the  flow  of  current,  we  must  specify  whether  we  mean  the  flow  on 
the  outside  or  ou  the  inside  of  the  cell.  The  best  method  is  to  call 
that  electrode  the  cathode  toward  which  the  current  flows  in  the  cell, 
and  the  other  electrode  the  anode. 

The  current  can  pass  through  solutions  of  electrolytes,  as  we  have 
seen,  in  only  one  manner;  i.e.  by  a  simultaneous  movement  of  the 
ions  in  the  solution  —  the  cations  carrying  the  positive  charge  toward 
the  cathode,  the  anions  the  negative  charge  toward  the  anode.  These 
ions  give  up  their  charges  to  the  respective  electrodes  or  poles,  and 
thus  become  atoms  or  groups  of  atoms.  These  may  then  separate 
from  the  solution,  or  secondary  reactions  may  take  place.  This  pro- 
cess is  known  as  eleclroli/sis. 

The  actual  process  at  the  poles  may  be  quite  different,  in  many 
cases,  from  what  was  for  a  long  time  supposed ;  but  this  will  be  con- 
sidered a  little  later. 

Products  of  Electrolysis.  —  When  the  ions  give  up  their  charges 
to  the  electrodes,  they  may  be  capable  of  an  independent  existence, 
or  they  may  not,  depending  upon  their  nature.  Many  cations,  such 
as  some  of  the  metals,  are  capable  of  such  an  existence,  while  very 
few  anions  can  exist  as  such,  after  they  give  up  their  negative  charge. 
In  the  latter  case  they  may  decompose  into  entirely  new  products,  or 
may  react  with  some  other  substance  present  and  give  rise  to  second- 
ary products.  We  must  distinguish,  then,  between  pritnart/  and  sec- 
ondary  products  of  electrolysis. 

The  primary  products  of  electrolysis  are  the  metals,  which  sepa- 
rate as  such  from  the  solutions  of  their  salts;  also  other  elements 
which  separate  as  such,  e.g.  hydrogen,  chlorine,  etc  The  attempt 
which  has  been  made  to  place  these  substances  among  the  secondary 
products,  because  the  atoms  polymerize  to  form  molecules,  and  thus 
separating  them  from  the  metals  which  are  primary  products,  does 
not  seem  to  be  well  founded.  It  is,  of  course,  true  that  two  hydro- 
gen atoms,  two  chlorine  atoms,  etc.,  unite  to  form  a  molecule,  but  does 
anyone  suppose  that  the  molecule  of  a  metal  in  the  solid  state  is 
identical  with  the  atom  ?  The  fact  that  the  molecule  of  many  met- 
als is  identical  with  the  atom  when  the  metal  is  dissolved  in  mer- 
cury, which  we  have  seen  to  be  true,  is  no  argument  that  siich  is  the 
ease  in  the  pure  metal.  The  metallic  atoms  probably  polymerize  as 
much  or  more  than  the  chlorine  atoms. 

The  secondary  products  of  electrolysis  may  be  formed  in  at  least 
four  ways ; — 
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(1)  The  ions  may  react  with  the  water  present  as  solvent. 

(2)  They  may  react  with  more  of  the  electrolyte. 

(3)  They  may  react  with  the  electrodes. 

•(4)  They  may  decompose  into  entirely  new  products. 

Polarization.  —  If  a  current  is  passed  through  an  element  contain- 
ing metal  electrodes  surrounded  by  salts  of  the  same  metal,  the  elec- 
trodes are  not  changed,  and  the  solutions  around  the  electrodes  are 
not  changed  essentially,  although  they  do  undergo  slight  changes  in 
concentration.  The  difference  in  potential  between  the  electrode 
and  the  surrounding  solution  remains,  therefore,  practically  constant, 
and  such  electrodes  are  termed  non-polarizable. 

If,  on  the  other  hand,  either  the  electrode  or  the  electrolyte  is 
changed  appreciably  by  the  passage  of  the  current,  the  difference  in 
potential  between  the  two  does  not  remain  constant,  but  changes  with 
the  passage  of  the  current.  Such  electrodes  are  termed  pdarizable. 
When  such  a  change  is  effected,  it  always  takes  place  in  the  sense  to 
oppose  the  passage  of  the  current.  If  two  polarizable  electrodes, 
through  which  a  current  has  been  passing  for  a  time,  are  closed  in 
circuit,  a  current  will  set  up  in  the  direction  opposite  to  that  which 
effected  the  polarization.  This  is  known  as  the  polarization  current, 
and  its  electromotive  force  the  electromotive  force  of  polarization. 
A  quantitative  study  of  polarization  currents  will  show  that  they 
gradually  grow  weaker  and  weaker. 

Method  of  Measuring  Polarization.  —  When  a  current  passes 
through  an  electrolyte  there  is  electrolysis,  and  consequently  polari- 
zation at  both  poles.  The  electromotive  force  of  polarization  is, 
therefore,  made  up  of  two  differences  in  potential  between  metals 
and  electrolytes.  In  measuring  polarization  we  must  measure  the 
potential  at  each  electrode.  A  method  has  been  devised  for  this  pur- 
pose by  Fuchs.^  The  following  modification  of  this  method  was  used 
by  Le  Blanc' 

The  electrolyte  whose  polarization  it  is  desired  to  study  is  intro- 
duced into  the  tube  T  (Fig.  53).  Two  electrodes  connected  with  the 
element  E,  which  furnishes  the  polarizing  current,  are  introduced  as 
shown  in  the  figure.  To  measure  the  potential  at  either  electrode, 
we  connect  this  electrode  with  a  normal  electrode.  To  measure  the 
potential  at  ft,  the  arm  of  the  normal  electrode  n  is  connected  with 
the  electrolyte  in  c,  and  the  wire  from  the  normal  electrode  con- 
nected with  b  through  the  arrangement  for  measuring  electromotive 

1  Poffg.  Ann.  166,  156  (1875). 

«  Zt9chr.  phys.  Chem.  8,  299  (1891)  ;  12,  322  (1893)  ;  18,  163  (1894). 
2b 
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force.  The  electromotive  force  of  this  element  is  then  measured. 
Knowing  the  potential  of  the  normal  electrode  and  the  potential  at 
the  contact  of  the  two  electrolytes  in  c,  we  know  the  poteutial  at  the 
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electrode  b.  The  potential  at  the  electrode  a  can  be  measured  in  a 
similar  manner. 

Besnltt  of  the  Heararemeiit  of  PolarizatioiL  —  If  the  polarizing 
current  is  at  first  very  weak  and  gradually  increases  in  strength,  the 
current  of  polarization  will  also  increase  rapidly  in  strength.  After 
the  electromotive  force  of  the  polarizing  curi'ent  has  become  quite 
large,  the  electromotive  force  of  the  current  of  polarization  will  in- 
crease as  the  former  increases,  but  more  and  more  slowly.  There  is, 
therefore,  wo  maeimJim  of  polarization  attainable.  It  is  difficult  to 
aay  how  high  an  electromotive  force  of  polarization  can  be  realized. 
Streintz '  has  described  an  anode  polarization  of  seventeen  volts. 

Le  Ulanc  *  has  measured  the  electromotive  force  which  is  required 
in  order  that  a  continuous  steady  current  may  be  passed  through  an 
electrolyte  so  as  to  effect  a  continuous  decomposition.  He  found  that 
for  a  given  substance  under  given  conditions  this  had  a  definite  value. 
This  he  termed  the  Decomposition  Value  of  the  substance. 

If  the  electromotive  force  of  the  current  used  ia  smaller  than  the 
"  decomposition  value"  of  the  substance  in  question,  a  throw  of  the 
galvanometer  will  manifest  itself;  but  the  instniment  will  soon 
retiirn  to  its  original  position,  showing  that  there  is  only  an  instan- 
taneous passage  of  the  current  through  the  electrolyte.  The  "de- 
composition values"  of  electrolytes  have  been  shown  to  be  very 
interesting  as  throwing  light  on  the  nature  of  electrolysis  itself.  The 
"  values  "  for  normal  solutions  of  a  few  acids,  bases,  and  salts,  taken 
from  the  paper  by  Le  Blanc,'  will,  therefore,  be  given. 


•  WM.  Ann.  IS.  116  C1S87),  '  ZM.hr.  phys.  Chem.  8,  290  (1801). 

"  Ibid.,  p.  316  {IMBIJ. 
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Acids 

Sulphuric  acid  =  1.67  volts  Malonic  acid  =  1.69  volts 

Nitric  acid  =  1.69  volts  Hydrochloric  acid  =  1.31  volts 

Phosphoric  acid  =  1.70  volts  Triazoic  acid  =  1.29  volts 

Monochloracetic  acid  =  1.72  volts  Oxalic  acid  =  0.95  volts 

Dichloracetic  acid       =  1.66  volts 

Bases 

Sodium  hydroxide  =  1.69  volts 
Potassium  hydroxide  =  1.67  volts 
Ammonium  hydroxide  =  1.74  volts 

Salts 

Barium  nitrate      =  2.25  volts  Barium  chloride      =  1.99  volts 

Strontium  nitrate  =  2.28  volts  Strontium  chloride  =  2.01  volts 

Calcium  nitrate     =  2.11  volts  Calcium  chloride     =  1.89  volts 

Potassium  nitrate  =  2.17  volts  Potassium  chloride  =  1.96  volts 

Sodium  nitrate      =  2.15  volts  Sodium  chloride      =  1.98  volts 

If  we  examine  the  results  for  the  acids  and  bases,  we  see  that  the 
"decomposition  values"  do  not  exceed  1.75  volts,  and  that  these 
values  for  many  substances  are  about  1.7  volts.  In  the  case  of  salts 
of  metals  which  decompose  water,  the  "  decomposition  values "  are 
practically  constant  for  the  salts  of  a  given  acid,  as  the  nitrates, 
chlorides,  etc.  The  explanation  of  these  results  has  been  furnished 
by  Le  Blanc. 

Primary  Decomposition  of  Water  in  Electrolysis.  —  When  solu- 
tions of  salts,  acids,  and  bases  are  electrolyzed,  we  obtain  hydrogen 
or  a  metal  at  the  cathode,  and  oxygen  at  the  anode.  If  the  metal 
of  the  salt  is  capable  of  decomposing  water,  we  obtain  hydrogen  at 
the  cathode ;  if  it  is  not,  the  metal  itself  will  separate  at  the  cathode. 
How  are  these  facts  to  be  explained  ?  1?he  explanation  which  has 
been  accepted  for  a  long  time  is  as  follows :  Take  the  case  of  potas- 
sium sulphate;    it  dissociates  into  the  cation  potassium  and  the 

anion  SO4.  The  potassium  moves  over  to  the  cathode  and  gives  up 
its  charge  to  this  electrode.     The  metallic  potassium  acts  upon  water, 

forming  potassium  hydroxide,  and  liberates  hydrogen.  The  SO4 
anion  moves  over  to  the  anode  and  gives  up  its  charge,  but  it  cannot 
escape  from  the  solution.  It  acts  upon  water,  forming  sulphuric 
acid,  and  liberates  oxygen  at  this  electrode.    The  decomposition  of 
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the  water  ia  then  not  a  primary  result  of  electrolysis,  but  a  a 
ondary  act. 

This  view  of  electrolysis  has  now  been  fundameutally  changed, 
especially  by  the  work  of  Le  Blanc  on  the  "decomposition  values" 
of  electrolytes.  The  view  which  is  supported  by  these  facts  is  that 
the  decomposition  of  water  is  a,  primary  act  of  electroiyals.  Water  is 
dissociated  very  slightly  into  hydrogen  iona  and  hydroxyl  ions, 
aa  ia  shown  by  many  experiments,  but  especially  by  the  small 
conductivity  of  the  purest  water.  When  a  solution  of  potassium 
sulphate  ia  el  ec  truly  zed,  the  potassium  cations  carrying  the  positive 
charge  move  over  to  the  cathode.  They  do  not  give  up  their  positive 
charge  to  the  electrode;  but  the  hydrogen  ious  of  the  water  already 
present  give  up  their  charge  to  the  electrode  and  separate  as  gaseous 
hydrogen.  Thia  leaves  in  the  solution  an  equal  number  of  hydroxyl 
anions,  which  with  the  potassium  cations  form  potassium  hydroxide. 
Similarly,  the  SO,  anions  move  over  to  the  anode,  but  they  do  not 
give  up  their  charge  to  this  electrode.  The  hydroxyl  anions  of  the 
water  give  up  their  negative  charges,  form  water  and  oxygen,  and 
leave  behind  an  equal  number  of  hydrogen  cations,  which,  with  the 
SO,  anions,  form  sulphuric  acid.  This  explanation  of  the  phenomena 
fits  the  facts  as  well  aa  the  older  theory.  Why  should  we  reject 
the  older  and  accept  the  newer  view  ? 

Evidence  for  the  Primary  Decomposition  of  Water  in  Electrolyiia. 
—  We  shall  not  attempt  to  take  up  all  the  evidence'  bearing  upon 
thia  theory,  but  a  few  fundamental  facta  will  be  considered. 

If  in  terms  of  the  old  theory  the  cation  —  say  potassium  —  moves 
over  to  the  cathode  and  gives  up  its  charge,  and  the  metal  then  acts 
upon  water  forming  potassium  hydroxide  and  hydrogen  gas,  the 
atomic  potassium  must  take  the  positive  charge  from  the  hydrogen 
ion.  If  the  potasaium  is  able  to  take  the  charge  from  the  hydrogen 
ion,  it  must  have  a  greater  power  of  holding  the  charge  than  hydro- 
gen has.  As  this  is  the  case,  why  should  potassium  ions  give  up 
their  charge  to  the  cathode  when  there  ai'e  hydrogen  ions  present 
which  hold  their  charge  less  firmly  tlian  potassium  ? 

The  objection  might  be  raised  in  thia  connection  that  water  is 
only  slightly  dissociated  and  there  are,  therefore,  only  a  few  hydro- 
gen iona  present  These  would  soon  he  used  up  and  then  the  potas- 
amm  ions  would  have  to  give  up  their  charges  in  terms  of  the  old 
theory.     This  objection  has  of  course  no  foundation  in  fact,  since 

'  See  Arrlienitw  ;  ZtirJir.  phyi.  Chem.  11,  SO.'i  (1803).  Le  Blanc :  Ibid.  It, 
3S3  (1803).     Also  OMUnt»  of  Ettctrochemi»lry,  Jones  (Eleo.  Rev,  Pub.  Co.). 
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the  water  present  will  continue  to  dissociate  as  fast  as  the  hydrogen 
ions  are  used  up.  We  know  from  the  law  of  mass  action  that  the 
condition  which  will  always  obtain  is,  that  the  product  of  the  number 
of  hydrogen  ions  and  the  number  of  hydroxyl  ions  present  will  be  a 
constant. 

The  evidence  for  the  new  theory  furnished  by  the  "  decomposi- 
tion values "  of  electrolytes  must  be  considered.  In  terms  of  this 
theory,  the  electrolysis  of  the  salt  of  any  metal  which  decomposes 
water  is  the  same  as  the  electrolysis  of  the  salt  of  any  other  metal 
which  decomposes  water,  since  in  all  such  cases  the  hydrogen  and 
oxygen  which  separate  are  the  primary  products  of  electrolysis.  If 
this  is  true,  then  the  decomposition  values  or  electromotive  force  re- 
quired to  affect  continuous  electrolysis  must  be  the  same  for  the  salt 
of  any  acid  with  different  metals  which  decompose  water.  That 
such  is  the  case  is  seen  from  the  table  on  page  419. 

Again,  take  the  acids  and  bases.  Adds  dissociate  into  hydrogen 
cations  and  anions  which  depend  upon  the  nature  of  the  acid ;  and 
bases  dissociate  into  hydroxyl  anions  and  cations  which  depend  upon 
the  nature  of  the  base.  Take  as  an  example  sulphuric  acid.  In 
terms  of  the  new  theoiy  of  electrolysis  the  hydrogen  cations  move  to 

the  cathode,  give  up  their  charge  and  separate.  The  anion  SO4  moves 
to  the  anode,  the  hydroxyl  ions  from  the  water  give  up  their  charge, 
form  water  and  oxygen  which  escapes ;  an  equal  number  of  hydrogen 
ions  from  the  water  remaining  in  the  solution  and  forming  sulphuric 

acid  with  the  SO4  anion.  There  must,  therefore,  be  a  maximum 
decomposition  value  for  acids,  which  corresponds  to  the  potential 
required  to  discharge  hydrogen  ions  on  the  one  hand,  and  hydroxyl 
ions  on  the  other  under '  these  conditions.  This  is  seen  to  be 
about  1.75  volts.  If  the  acid  yields  an  anion  whose  discharging 
value  is  lower  than  that  of  hydroxyl,  its  decomposition  value  will  be 
less  than  the  maximum  1.75  volts,  and  such  is  the  case  with  the 
halogen  acids  and  the  organic  acids.  Bases  dissociate  into  hydroxyl 
which  moves  to  the  anode  and  gives  up  its  charge,  and  a  cation 
which  moves  to  the  cathode.  The  latter  does  not  discharge  its  posi- 
tive charge,  since  it  loses  its  charge  with  greater  difficulty  than  the 
hydrogen  cations  from  the  dissociated  water  already  present  around 
this  electrode.  The  hydrogen  ions  lose  their  charge  at  this  pole. 
The  electrolysis  of  a  base  is  therefore  the  same  as  that  of  an  acid 
like  sulphuric ;  hydrogen  ions  discharged  at  the  cathode,  hydroxyl  at 
the  anode.  The  decomposition  value  of  a  base  must  therefore  be 
the  same  as  that  of  an  acid  like  sulphuric  or  nitric.      It  must  be  the 
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same  as  the  maximum  decomposition  value  of  the  acid,  and  a 
seen  at  once  fi'om  page  419  to  be  the  case. 

One  further  point  to  make  the  reasoning  from  decompositiou 
values  complete.  Acids  and  bases  of  the  same  ionic  concentration 
must  have  the  same  decomposition  values,  as  we  have  just  seen, 
since  the  product  of  the  number  of  hydrogen  and  hydroxyl  ions  in 
the  solutions  must,  from  the  law  of  mass  action,  be  a  constant.  It 
is,  however,  quite  different  with  a  salt.  At  the  cathode  hydi'ogen  is 
liberated  and  a  base  is  formed,  which  means  an  increase  in  the  num- 
ber of  hydroxyl  ioua  around  the  catliode,  and,  similarly,  the  forma- 
tion of  an  acid  around  the  anode  increases  the  number  of  hydrogen 
ions  around  this  p<>le.  Since  the  product  of  the  number  of  hydroxyl 
and  hydrogen  ions  is  a  constant,  an  increase  in  the  number  of 
hydroxyl  ions  around  the  cathode  means  a  decrease  in  the  number  of 
hydrogen  ions  around  this  pole.  And  for  the  same  reason  an  in- 
crease in  the  number  of  hydrogen  ions  around  the  anode  would 
diminish  the  number  of  hydroxyl  ions  around  this  pole.  Both  of 
these  influences  would  tend  to  Increase  the  decomposition  value  of 
the  compound. 

Here  again  fact  and  theory  are  in  perfect  accord.  A  comparison 
of  the  decomposition  values  of  acids  and  bases  with  those  of  salts 
will  show  that  the  latter  are  considerably  larger  than  the  maximum 
values  for  the  former. 

The  evidence  for  the  primary  decomposition  of  water  in  electroly- 
sis is  then  complete  as  far  as  the  decomposition  values  for  acids, 
bases,  and  salts  are  concerned. 

The  Discharging  Potential  of  Ions.  Electrolytic  Separation  of  the 
Uetals.  ^  When  a  current  is  passed  through  a  solution  of  several 
electrolytes,  alt  of  the  ions  present  take  jiart  in  conducting  the  cur- 
rent. The  amount  of  current  which  will  be  carried  by  any  kind  of 
ions  will  depend  upon  their  relative  numbers  and  their  relative 
velocities.  When  the  different  kinds  of  cations  reach  the  cathode, 
or  anions  the  anode,  it  is  not  necessary  that  all  kinds  should  separate. 
It  reqiiires  a  certain  difference  in  potential  between  the  electrod^ 
and  the  electrolyte  to  cause  any  given  ion  to  give  up  its  charge  to 
the  electrode.  If  the  difference  in  potential  is  below  the  discharging 
value  for  any  ion,  this  ion  will  not  lose  its  charge  and  separate  at 
the  electrode  in  any  i]uantity.  Every  ion  has  its  own  decomposition 
value,  a\id  these  values  differ  very  considerably  for  different  ions. 

The  fact  that  these  values  are  quite  different  makes  it  possible  to 
effect  an  electrolytic  separation  of  many  metals  by  at  first  using  a 
current  of  small  electromotive  foree,  which  will  cause  the  element 
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with  lowest  decomposition  value  to  separate,  then  increasing  the 
electromotive  force  until  the  element  with  next  higher  value  separ 
rates,  and  so  on.  Take  two  metals  A  and  B,  and  mix  solutions  of 
their  salts.  Let  the  decomposition  value  of  A  be  considerably  less 
than  that  of  B.  Pass  a  current  through  the  solution  containing  the 
mixed  salts.  When  the  electromotive  force  of  the  current  has 
reached  the  decomposition  value  of  A,  this  metal  will  separate  on  the 
cathode.  The  current  will  then  cease  to  flow  continuously  unless 
its  electromotive  force  is  increased  to  the  decomposition  value 
of  B.  When  it  has  reached  this  value,  B  will  separate  from  the 
solution. 

The  possibility  of  thus  separating  metals  by  means  of  currents 
of  different  electromotive  force  was  pointed  out  first  by  Freuden- 
berg.^  In  an  investigation*  in  Ostwald's  laboratory,  carried  out 
with  Le  Blanc,  Freudenberg  effected  a  number  of  quantitative  sepa- 
rations of  metals  by  using  different  electromotive  forces.  Thus,  he 
showed  that  mercury  could  be  separated  from  copper,  bismuth, 
arsenic,  cadmium,  etc.;  that  copper  could  be  separated  from  cad- 
mium, and  so  on.  The  importance  of  the  electromotive  force  of  the 
current  used  is,  therefore,  very  great  in  effecting  electrolytic  separa- 
tion of  the  metals. 

It  has,  however,  been  clearly  recognized  that  current  strength  or 
current  density  *  is  of  fundamental  importance  in  electrolytic  separa- 
tions. This  conditions  the  number  of  ions  which  will  separate  in  a 
given  time;  and  if  the  density  is  great  it  does  not  give  time  for 
all  the  more  easily  discharged  ions  to  come  over  to  the  pole  by 
diffusion,  etc.,  in  order  to  separate.  Under  such  conditions,  instead 
of  effecting  complete  separations,  only  partial  separations  are 
secured. 

It  is  obvious  from  the  above  that  in  all  such  work  we  must  take 
into  account  not  only  current  density,  but  the  electromotive  force  of 
the  current  used. 

Electro83rnthe8i8  of  Organic  Compounds.  —  The  ions  of  inorganic 
compounds  are  relatively  simple  substances.  The  ions  of  organic 
compounds  are  often  very  complex,  and  after  losing  their  charge  are 
incapable  of  existence.     They  frequently  break   down  and  yield 

entirely  new  substances.  Take  the  anion  of  acetic  acid,  CHsCOO, 
when  this  reaches  the  anode  it  loses  its  charge,  since  it  holds  it  less 

1  Ber.  d.  chem.  GeselL  25,  2492  (1892). 

2  Ztschr.  phys.  Chem.  12,  97  (1893). 

*  Classen  :  Quantitative  Chemical  Analysis  by  Electrolysis. 
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firmly  than  hydroxyl,  and  then  breaks  down  i 
following  equation:  — 

2CHIcO,=  C,H,  +  2CO» 

yielding  a  hydrocarbon  and  carbon  dioxide.  The  anion  of  propionic 
acid  breaks  down  as  follows ;  — 

2  CjH^CO,  =  C,H,COOH  +  C,H,. 

Facta  of  this  kind  have  already  been  utilized  quite  extensively  for 
effecting  the  synthesis  of  organic  compounds.  An  examination  of 
the  literatiu'e '  will  show  that  a  very  large  number  of  organic  com- 
pounds in  the  aromatic  series,  as  well  as  in  the  aliphatic,  have  been 
made  in  this  way. 

That  acetic  acid  when  electrolyzed  breaks  down  as  shown  in  the 
above  equation,  yielding  ethane  and  carbon  dioxide,  had  been  shown 
by  Kolbe'  as  early  as  1847.  Some  nine  years  later  Guthries* 
showed  the  inactivity  of  the  ester  group.  These  investigations  were 
the  basis  of  the  systematic  work  of  Crum-Browu  and  Walker*  in  this 
field  in  1891.  They  showed  that  from  the  monoester  of  a  dibasic 
acid,  the  ester  of  a  dibasic  acid  richer  in  carbon  could  be  obtained. 
Thus:  — 


2CH,< 


COOK 
COOC,H, 


CH, 
=  I 
CH, . 


■  COOC^. 

H 

■  COOC,H. 


2CO,  +  2K. 


The  diester  of  succinic  acid  is  thus  prepared  from  the  monoester  of 
malonic  acid. 

Working  with  currents  of  considerable  density  in  fairly  concen- 
trated solutions,  they  effected  a  number  of  similar  syntheses.  Suberic 
acid  was  prepared  from  potassium  ethyl  glutarate,  sebasic  acid  from 
potassium  ethyl  adipate,  and  so  on.  The  electrical  synthesis  of 
organic  compound  promises  much  in  the  future. 


BATTERIES  IN  GENERAL   USE 

Primary  and  Secondary  Cells. — This  chapter  on  electrochem- 
istry should  not  be  closed  without  brief  reference  to  certain  forms  of 
batteries  which  have  come  into  general  use  as  means  of  furnishing 
electrical  energy.     The  elements  whose  electromotive  force  we  have 

'  The  student  is  referred  in  tliin  connection  to  the  admirsble  little  book  by 
L6b  on  Elearoli/aiii  nnd  Elfctrosj/nthesis,  l»nslat«<i  by  Lorenx. 

»  Lifb.  Ann.  64,  230  (1848).  •  IMd.  99,  86  (1860), 

•  Ibid.  861,  lO;  (IBltO)  ;  874,  41  (18B:i). 
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studied  are  constant.  The  primary  cells  whicli  are  used  in  practice 
do  not  have  constant  electromotive  force,  and,  therefore,  belong  to 
the  class  of  inconstant  elements.  Two  of  these  we  shall  consider. 
The  bichromate  cell  and  the  Leclanch^  cell.  We  shall  then  refer 
briefly  to  accumulators  or  secondary  batteries. 

The  Bichromate  CelL  —  A  form  of  primary  element  quite  fre- 
quently used  in  the  laboratory  is  known  as  the  bichromate  cell. 
The  electrodes  are  carbon  and  zinc,  and  the  electrolyte  chromic  acid 
(potassium  bichromate  and  sulphuric  acid).  Zinc  ions  pass  into 
solution,  consequently  this  is  the  anode.  The  ions  CtJOj  probably 
yield  a  few  chromium  ions  of  high  valence.  These  pass  over  into 
chromium  ions  of  lower  valence,  and  thus  add  to  the  electromotive 
force  of  the  element.  It  is  obvious  that  the  electromotive  force  of 
this  element  cannot  remain  constant  for  any  length  of  time,  since 
the  CrjO;  ions  are  continually  decreasing  in  number,  the  chromium 
ions  of  lower  valence  increasing  in  number,  and  the  zinc  ions  are  also 
increasing  in  number. 

The  Leclanch6  Element.^  —  The  poles  of  this  useful  element  are 

carbon  and  manganese  dioxide,  and  zinc;  the  electrolyte  ammonium 

chloride.     The  carbon  and  manganese  dioxide  are  generally  mixed 

with  each  other.     Zinc  ions  pass  into  solution  and,  consequently,  the 

+ 
zinc  pole  is  the  anode.     The  ammonium  ions  (NH4)  pass  over  to  the 

cathode,  but  the  hydrogen  ions  already  present  as  the  result  of  the 

dissociation  of  water,  lose  their  charge  more  readily  than  ammonium, 

and  consequently  separate  at  the  carbon  cathode.     The  carbon  pole 

would  absorb  a  large  amount  of  hydrogen. 

The  Mn02  acts,  as  we  would  expect,  as  an  oxidizing  agent.     This 

yields  a  few  Mn  ions,  which  tend  to  pass  over  into  Mn,  by  giving  up 
part  of  their  change  to  the  cathode.  We  have  thus  two  actions  tak- 
ing place  in  the  Leclanch^  element,  but  the  electromotive  force 
decreases  because  the  zinc  ions  become  more  and  more  concentrated. 
Accumulators  or  Secondary  Batteries.  —  Primary  cells  in  which 
electrical  energy  is  generated  directly  from  heat  or  from  chemical 
energy  have  been  largely  replaced  in  recent  times  by  accumulators, 
in  which  electrical  energy  is  converted  into  chemical,  and  this  can 
be  reconverted  again,  at  will,  into  electrical.  Theoretically,  any 
reversible  element  can  be  made  an  accumulator  by  passing  a  current 
through  it  in  the  direction  opposite  to  that  in  which  the  normal 
current  from  the  element  would  flow.  The  accumulators  which  are 
used  in  practice  consist  of  plates  of  lead  covered  with  a  layer  of  lead 

*8ee  also  Outlines  of  Electrochemistry,  by  Jones  (Elec.  Rev.  Pub.  Co.). 
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oxide  or  sulphate.  The  electrolyte  is  a  solution  of  sulphuric  acid,  hav- 
ing the  specific  gravity  1.2.  When  a  current  is  passed  through  such 
a  cell,  lead  dioxide  is  deposited  on  the  pole  where  the  current  enters, 
and  lead  is  deposited  on  the  other  pole.  The  chemical  action  of  the 
charging  current  is  to  convert  lead  oxide  or  sulphate  into  the  dioxide 
at  one  pole,  and  into  metallic  lead  at  the  other.  When  the  charging 
current  is  broken  and  the  cell  allowed  to  discharge,  both  the  lead 
dioxide  and  the  metallic  lead  pass  over  into  sulphate.  The  chemical 
action  when  the  cell  is  discharging  is,  therefore,  exactly  the  opposite 
of  that  which  takes  place  when  the  cell  is  being  charged. 

The  chief  source  of  the  electromotive  force  in  a  secondary  battery 

is  the  transformation  of  quadrivalent  lead  ions  (Pb)  into  bivalent  (Pb). 
The  quadrivalent  ions  are  furnished  continually  by  the  lead  dioxide. 

These  pass  into  bivalent  ions  and  form  with  the  SO4  ions,  lead  sul- 
phate. At  the  anode  metallic  lead  passes  over  into  Pb  ions,  thus 
removing  positive  electricity  from  this  pole.    These  also  form  with 

the  ions  SO4  lead  sulphate. 


CHAPTER  VIII 


ACTINOMETRY 

Transformation  of  Sadiant  Energy  into  Chemical.  —  We  have  daily 
illustrations  of  the  transformation  of  chemical  energy  into  radiant. 
In  an  ordinary  flame  this  transformation  is  taking  place  to  some  ex- 
tent. The  reverse  transformation  of  radiant  energy  into  chemical 
is  also  well  known,  and  forms  the  subject-matter  of  this  chapter. 

The  action  of  light  on  certain  silver  salts  was  recognized  as  early 
as  1727  by  Schultze,  but  that  different  kinds  of  light  have  different 
effects  was  first  proved  by  Scheele  in  1777.  He  exposed  paper 
covered  with  silver  chloride  to  different  parts  of  the  spectrum,  and 
observed  that  the  paper  was  blackened  most  rapidly  in  the  violet 
portion  of  the  spectrum.  The  time  required  to  color  the  paper  was 
greater  and  greater  as  the  red  end  of  the  spectrum  was  approached. 

This  action  of  light  on  silver  salts  was  utilized  by  Daguerre  in 
1839  for  obtaining  images  of  objects,  and  thus  was  started  the 
science  of  photography. 

We  know  to-day  that  the  transformation  of  radiant  energy  into 
chemical  depends  largely  upon  the  wave-length  of  the  former.  Cer- 
tain photochemical  reactions  are  produced  most  vigorously  by  the 
violet  and  ultra-violet  rays,  while  others  are  chiefly  effected  by  the 
longer  wave-lengths.  Thus,  as  we  have  seen,  the  halogen  salts  of 
silver  are  acted  upon  most  vigorously  by  the  shorter  wave-lengths; 
while  the  transformation  of  radiant  energy  into  chemical,  which  is 
going  on  in  plants,  attains  a  maximum  in  the  yellow  portion  of  the 
spectrum. 

Some  of  the  more  important  generalizations^  which  have  been 
reached  in  reference  to  the  chemical  action  of  the  solar  spectrum  are 
the  following :  — 

»  Eder :  Fehling's  nandworterhuch  der  Chemie,  Vol.  IV,  pp.  124-125  (1886). 
Licht;  Chemische  Wirkuiigen. 
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1.  "  Light  of  every  color  from  the  extreme  violet  to  the  extrems 
red,  and  also  tlie  invisible  ultra-red  and  ultra-violet  rays,  can  produce 
chemical  action." 

2.  "  All  rays  whicli  act  chemically  on  a  substance  must  be 
absorbed  by  it;  the  chemical  action  of  light  is  closely  connected 
with  optical  absorption." 

3.  "  Every  color  of  the  spectrum  can  have  an  oxidizing  and  a 
reducing  action,  depending  upon  the  nature  of  the  substance  which 
is  sensitive  to  the  light." 

Actinometers.  —  The  measurement  of  the  intensity  of  the  actinic 
rays  is  based  upon  the  chemical  transformation  which  they  can 
effect.  A  number  of  forms  of  apparatus  have  been  devised  for 
measuring  the  photochemical  action  of  light.  These  are  known  as 
actinometers.  The  hydrogen-chlwine  actinometer  is  based  upon  the 
fact  discovered  in  1809  by  Gay-Lussac  and  Th^nard,  that  light  has 
a  marked  influence  on  the  union  of  these  two  gases.  Draper'  con- 
structed an  actinometer  in  which  these  two  gases  were  used,  but  this 
was  so  greatly  improved  by  Biinsen  and  Roscoe,*  whose  work  in  this 
field  was  of  fundamental  importance,  that  we  will  turn  our  attention 
at  once  to  their  apparatus.'  The  glass  tube,  Fig.  54,  is  filled  with  a 
mixture  of  equal  parts 
othydrogen  and  chlorine, 
obtained  by  electro ly  zing 
a  solution  of  hydrochloric 
acid  of  specific  gravity 
1.148,  using  carbon  electrodes.  The  lower  blackened  portion  of  t 
contains  water,  This  is  connected  at  one  end  with  a  tube  closed  by 
a  stopcock,  ft,  and  at  the  other  with  a  tube,  k,  which  is  connected 
with  a  vessel,  /,  filled  with  water.  After  the  liquids  have  become 
saturated  with  the  mixture  of  gases,  k  is  closed,  and  the  whole  tube 
protected  from  the  light  except  the  bulb  i.  The  light  is  now  allowed 
to  fall  on  this  bulb,  when  some  of  the  gases  combine,  forming  hydro- 
chloric acid.  The  latter  is  absorbed  by  the  water  in  i,  and  the 
column  of  water  moves  from  I  along  the  graduated  tube  A:.  By  this 
means  the  amount  of  gases  which  have  combined  is  readily  deter- 
mined, and  from  this  the  intensity  of  the  photochemical  action.  If 
the  light  is  too  strong,  explosions  may  result  in  this  form  of  actinom- 
eter. To  avoid  this  Burnett*  replaced  the  hydrogen  of  the  mixture 
by  carbon  monoxide. 


^ 


'llllllllllll 


I  Phil.  Mag.  [3],  83,  401  (1843). 

*  Fogg.  Ann.  100,  4;l  (1857);  101,  23fi  (1S67);  101,  10.?  (ISSS). 

■  Ihtd.  100,  43  0»hl).  •  Fha.  Mag.  [4],  00, 
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Bunsen  and  Roscoe*  used  later  the  silver  chloride  actinometer. 
This  depends  upon  the  time  required  to  produce  a  given  color  in 
silver  chloride  paper.  The  intensity  of  the  light  varies  inversely  as 
the  time. 

A  number  of  other  chemical  reactions  which  are  effected  by  light, 
have  been  used  to  measure  the  intensity  of  the  light.  The  action  of 
mercuric  chloride  on  ammonium  oxalate  takes  place  in  the  presence 
of  light  in  terms  of  the  following  equation :  — 

2  HgCl,  +  (NH4) AO4  =  2  NH4CI  +  2  CO,  +  2  HgCl. 

The  amount  of  decomposition  can  be  readily  determined  by  weigh- 
ing the  amount  of  mercurous  chloride  formed.  The  amount  of  mer- 
curous  chloride  formed  increases  more  slowly  than  the  intensity  of 
the  light,  since  the  mercuric  chloride  in  the  solution  is  continually 
becoming  less.  This  necessitates  the  introduction  of  a  correction 
which  has  been  worked  out  by  Eder.* 

Instead  of  mercuric  chloride  and  oxalic  acid  Niepce  de  St.  Victor 
used  oxalic  acid  and  uranium  nitrate,  and  Draper  used  ferric  oxalate. 

Certain  forms  of  electrical  actinometers  have  been  discovered 
and  used.  Becquerel  *  found  that  when  two  plates  of  silver  covered 
with  silver  iodide  are  immersed  in  water  containing  an  acid,  and  light 
is  allowed  to  act  on  one  electrode,  a  current  is  set  up  between  the 
plates.  From  the  electromotive  force  of  this  combination  the  amount 
of  the  chemical  action  produced,  and,  consequently,  the  intensity  of 
the  action  of  light,  can  be  determined.  A  number  of  modifications 
of  this  electrochemical  actinometer  have  been  proposed.  Grove* 
used  platinum  plates  in  dilute  sulphuric  acid,  and  Gouy  and  Rigol- 
let*  employed  strips  of  copper  covered  with  a  thin  layer  of  copper 
oxide,  immersed  in  a  one-tenth  per  cent  solution  of  sodium  chloride, 
bromide,  or  iodide. 

Ostwald*  offers  the  following  explanation  of  the  action  of  the 
Becquerel  actinometer :  "  Silver  iodide  is  rendered  less  stable  by  the 
action  of  light,  and  breaks  down  into  its  ions  silver  and  iodine. 
The  silver  ions  give  up  their  charge  to  the  metal  and  separate  upon 
it  as  metallic  silver,  the  iodine  ions  passing  into  solution.     From 

1  Pogg,  Ann.  117,  529  (1862)  ;  124,  353  (1865)  ;  132,  404  (1867). 

2  Wiener,  Ak.  Sitzungsber.  [2],  80,  Okt.  (1879). 

»  Compt.  rend,  9,  561;  13, 198.    Ann,  Chim.  Phys,  [3],  9,  257  (1843);  [3], 
176  (1851). 

*  Phil  Mag.  [4],  16,  426  (1868). 

*  Compt.  rend,  106,  1470  (1888).     Ann.  Chim.  Phys.  [6],  22,  667. 

*  Lehrb.  d.  AUg.  Chem.  H,  1043. 
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t)ie  pole  which  has  not  been  esposed  to  light  a  corresponding  num- 
ber of  silver  ioES  separate,  thus  rendering  this  pole  negative.  This 
explanation  atcords  with  the  faot  that  in  such  an  actinometer  the 
current  flows  on  the  outside  from  the  pole  which  has  been  exposed 
to  the  action  of  light" 


HESULTS  OF  PHOTOCHEMICAL  MEASUKEMENTS 

Phfftoohemioal  ExtinotioiL  —  Bunsen  and  Eoscoe '  undertook  to 
decide  whether  in  photochemical  action  work  is  done  for  which  an 
equivalent  amount  of  light  disappears,  or  whether  there  is  an  action 
produced  by  the  chemical  rays  without  any  considerable  loss  in  light. 
They  passed  light  through  a  layer  of  a  mixture  of  hydrogen  and 
chlorine,  and  determined  the  loss  in  chemical  activity  by  the  hydro- 
gen chlorine  actinometer.  They  then  passed  light  through  an  eqnal 
layer  of  chlorine  and  determined  the  loss.  The  loss  in  the  first  case 
was  greater  than  in  the  second.  In  the  second  case  there  was  simply 
the  optical  absorption  of  the  chlorine,  the  light  energy  which  dis- 
appeared being  converted  into  heat.  In  the  first  case  there  was  the 
optical  absorption  of  the  chlorine  and  of  the  hydrogen,  and  in  addi- 
tion a  certain  amount  of  light  was  ex^iended  in  doing  chemical  work. 
Since  the  optical  absorption  of  hydrogen  can  be  disregarded,  the 
difference  between  the  light  which  disappeared  in  the  tirst  and 
second  cases  can  be  taken  as  the  amount  expended  in  doing  chem- 
ical work. 

From  the  work  of  Bunsen  and  Eoscoe  it  follows  that  about 
one-third,  of  the  light  absorbed  from  a  gas-flame  by  a  mixture  of 
jiydrogen  and  chlorine  is  expended  in  doing  chemical  work,  while 
the  remaining  two-thirds  is  converted  into  heat.  The  ratio  between 
these  quantities  varies  greatly  with  the  nature  of  the  light  which  is 
employed. 

Against  this  conclusion  of  Bunsen  and  Eoscoe,  E.  Pringsheim* 
makes  the  following  point :  The  light  absorbed  by  pure  chlorine  is 
converted  into  heat,  hut  when  the  chlorine  is  mixed  with  hydrogen 
it  is  very  probable  that  the  light  absorbed  is  used  up  wholly  or 
largely  in  doing  chemical  work. 

Photoohemioal  Induction.  —  The  discovery  was  made  by  Becqu&- 
rel,'  in  184.3,  that  while  silver  chloride  which  had  not  been  ex- 
posed to  light  was  sensitive  only  to  the  short  wave-lengths  of  light, 


'  Pigg.  Ann.  101.  236  (1857).  »  Wit±  Ann.  SS,  380  (1887), 

•Ann.  Chi«t.  Phi/f.  [3],  9,  257  (18«). 
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silver  chloride  which  had  been  exposed  a  short  time  to  light,  but 
which  had  not  darkened,  was  sensitive  also  to  the  longer  wave-lengths. 
The  former  was  acted  upon  only  by  wave-lengths  shorter  than  the 
green,  while  the  latter  was  sensitive  even  down  into  the  ultra-red. 
Differences  of  the  same  kind  were  observed  with  other  substances. 
Similar  phenomena  were  studied  quantitatively  by  Bunsen  and 
Roscoe,^  who  used  the  term  photochemical  induction.  They  allowed 
light  from  a  constant  source  to  pass  through  a  mixture  of  hydrogen 
and  chlorine,  which  had  been  freshly  prepared  or  had  stood  for  a 
considerable  time  in  the  dark.  At  first  there  was  little  or  no  action. 
After  some  time  a  slight  action  began,  and  this  increased  gradually 
up  to  a  constant  maximum  value.  The  following  results  taken  from 
the  paper  ^  of  Bunsen  and  Koscoe  will  make  this  clear.  The  first 
column  gives  the  time  in  minutes,  the  second  the  amount  of  hydro- 
chloric acid  formed  during  each  minute,  as  measured  by  absorption 
in  water  and  the  movement  of  the  water  column  in  the  actinometer. 
The  source  of  light  was  the  zenith  of  a  clear  sky. 


Time  nv  Minutu 

Amount  HCl  Fobmkd 

TiMB  IN  Minutu 

Amount  HCl 

1 

0.0 

7 

2.2 

2 

0.0 

8 

1.7 

3 

0.9 

9 

3.0 

4 

1.0 

10 

6.2 

6 

1.3 

11 

6.8 

6 

2.0 

12 

6.7 

The  maximum  value  was  reached  after  about  eleven  minutes. 
They  also  studied  the  action  of  lamplight,  and  found  that  from  nine 
to  fifteen  minutes  were  required  for  the  action  to  reach  a  maximum 
constant  value. 

After  the  action  had  reached  a  maximiim  the  mixture  of  gases 
was  placed  in  the  dark,  and  it  was  found  that  after  a  half-hour  the 
gases  were  in  the  same  condition  as  they  were  before  exposure  to 
light.  It  now  required  about  the  same  exposure  to  bring  the  action 
again  up  to  the  maximum  value. 

If  the  gases  are  exposed  separately  to  the  light  and  then  mixed, 
the  action  does  not  attain  a  maximum  at  once,  but  it  requires  about 
the  same  time  for  an  appreciable  action  to  begin  and  for  the  maximum 
to  be  reached,  as  if  the  gases  had  been  kept  in  the  dark.  The  first 
action  of  the  light,  whatever  it  may  be,  therefore  takes  place  only 
when  the  molecules  of  the  two  gases  are  in  the  presence  of  each 
other. 


» Pogg,  Ann,  100,  481  (1867). 


2/6iU  100,484(1867). 
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Some  suggestions  have  been  made  to  account  for  photochemical 
induction.  E.  X'ringsheim '  thinks  that  in  the  action  of  light  on 
hydrogen  and  chlorine  an  mtertnedicde  product  is  formed.  He  was 
Jed  to  this  conclusion  from  his  elaborate  study  of  this  reaction,  but 
the  point  cannot  be  regarded  as  proved. 

The  Action  of  Light  on  Certain  Silver  Salts.  —  The  action  of  light 
on  certain  salts  of  the  heavy  metals,  and  especially  of  silver,  has 
become  of  the  very  greatest  importance  not  only  from  a  practical 
standpoint,  but  from  a  scientific.  The  scipnce  of  photography  is 
based  upon  this  action,  and  there  are  few  branches  of  science  into 
which  photography  has  not  entered  as  a  very  important  factor. 

On  the  photographic  plat«  the  silver  salt  is  exposed  to  the  action 
of  light,  but  not  until  any  visible  change  has  taken  place.  The  plate 
is  then  treated  with  the  developer,  which  reacts  with  different  veloci- 
ties upon  the  parts  which  have  been  exposed  to  lights  of  different 
intensities.  The  result  is  an  image  of  the  object  from  which  the 
light  came. 

The  Action  of  Light  in  the  Formation  of  Isomerea  and  Polymeres. 
—  In  connection  with  the  action  of  light  in  the  formation  of  isomeric 
substances,  we  think  first  of  the  action  of  bromine  on  toluene.  If 
the  reaction  takes  place  in  the  dark  or  in  diffused  light,  there  is 
formed,  as  Schramm"  pointed  out,  a  mixture  of  ortho-  and  parabrom- 
tohiene  CaHjlir.CHa.  But  if  the  reaction  takes  place  in  the  direct 
sunlight,  the  isomeric  benzoyl  bromide  CaHj.CH,Br  is  formed. 

There  are  a  number  of  acids  known  which  are  transfornied  by 
light  into  atereoinomeric  substances,  as  Liebermann'  has  shown ;  and 
J,  Wislicenua  *  has  pointed  out  a  number  of  other  cases,  such  as  the 
transformation  of  nialeic  into  fumaric  acid,  and  of  angelic  into  tig- 
linic  acid.  From  these  observations  Roloff"  draws  the  following 
conclusions:  Light  always  transforms  from  ^vialenoid  to  a/nmamd 
form ;  the  transformation  takes  place  with  an  evolutiun  of  heal,  and, 
therefore,  gives  rise  to  more  stable  forms. 

Roloff'  points  out  a  number  of  examples  where  light  acts  as  a 
polymerizing  agent,  after  showing  how  we  can  distinguish  between 
a  metamer  and  a  polymer.  We  may  mention  the  transformation  of 
yellow  into  red  phosphorus,  of  monoclinic  into  amorphous  sulphur, 
of  amorphous  into  crystalline  selenium,  of  the  aldehydes  into  poly- 

'  Wied.  Ann.  32,  SBi  (1887). 

*BrT.  d.  chem-  Owll.  IB.  360,  806  (1885);  19,  212  (1886).  Mfnalsh.  8,  101 
(1887);  B,  M2  (1888). 

■  Ber.  d.  chum.  Geiell.  B8.  1443  (1896).  '  Sarhi.  Btr.  489  (1896). 

•  ZttcAr.  phyi.  Cftem.  96,  839  (1898).  •  IMd. 
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meres,  of  acetylene  into  benzene,  and  many  other  examples  could  be 
cited. 

The  Law  of  Photochemical  Action.  —  One  generalization  of  con- 
siderable value  has  thus  far  been  reached  as  the  result  of  the  work 
done  in  the  field  of  photochemistry.  Bunsen  and  Roscoe  ^  showed 
experimentally,  in  their  now  classical  investigations  in  this  field, 
that  photochemical  action  is  proportional  to  the  intensity  of  the 
light  and  to  the  time  which  it  acts.  They  studied  the  time  required 
to  produce  a  given  blackening  of  silver  chloride  by  light  varying  in 
intensity  from  one  to  twenty-five,  and  concluded  that  whenever  the 
product  of  the  intensity  and  time  of  exposure  is  a  constant  the  same 
blackening  is  produced.  The  law  then  is,  that  photochemical  action 
is  equal  to  the  product  of  the  intensity  of  the  light  and  the  time  during 
which  it  a^ts.  This  is  the  same  as  to  say  that  a  given  photochemical 
effect  is  produced  by  a  given  number  of  vibrations,  independent  of 
the  time  required  to  receive  them. 

PHOTOCHEMICAL   ACTION   OF   NEWLY  DISCOVERED  FORMS 

OF  RADIATION 

The  Bontgen  Bays.  —  An  observation  was  made  by  Rontgen 
which  led  him  in  1895  to  one  of  the  most  important  discoveries* 
in  modern  physics.  When  the  discharge  from  an  induction  coil  is 
passed  through  a  Crookes  or  Lenard  tube  of  sufficient  exhaustion,  the 
tube  being  completely  covered  with  black  paper  and  placed  in  a  dark 
room,  there  is  produced  a  bright  illumination  on  paper  covered  with 
barium  platinocyanide.  The  fluorescence  was  visible  even  when  the 
screen  was  placed  at  a  distance  of  two  metres  from  the  tube. 

As  Rontgen  states,  the  most  striking  property  of  this  radiation 
is  that  it  passes  through  substances  which  are  opaque  to  visible  and 
ultra-violet  rays.  Paper  and  wood  are  very  transparent,  and  most 
of  the  metals  allow  the  radiation  to  pass  through  to  a  considerable 
extent.  The  metals,  however,  differ  very  considerably  in  their  trans- 
parency to  this  radiation.  Some  fluorescence  was  produced  when  a 
screen  of  aluminium  15  mm.  thick  was  interposed,  while  a  plate 
of  lead  1.5  mm.  thick  is  practically  opaque.  Platinum  is  among 
the  more  opaque  metals.  The  opacity  of  substances  to  this  radi- 
ation is  conditioned  chiefly  by  their  density,  but  this  is  not  the  only 

1  Pogg,  Ann.  117,  529  (1862). 

2  Sitzungsber.  Wiirzb.  phys.  medicin  Qesell.  1896.  Wied.  Ann.  84, 1  (1898). 
Scientific  Memoirs  Series,  Vol.  III. 
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factor,  siiit*  differcDt  substances  of  the  same  density  have  diffe* 
degrees  of  opacity. 

This  form  of  I'adiation  produces  fluorescence  not  only  in  barium 
platinocyanide,  but  also  in  phosphorescent  calcium  compounds, — 
calcite,  uranium  glass,  etc.;  and  also  produces  chemical  action  on 
photographic  dry  plates,  either  directly  or  by  means  of  the  fluores- 
cent light  set  up  in  tbe  glass  or  film. 

Kontgen  showed  that  this  radiation  comes  from  the  place  where 
the  cathode  rays  strike  the  glass  of  the  exhausted  tube,  that  it  could 
not  be  reflected,  refracted,  or  polarized,  and  that  it  ionized  gases 
through  which  it  passed ;  therefore,  differs  fundamentally  from  cath- 
ode rays.  This  radiation  also  differs  fundamentally  from  ultra-violet 
light.  RiJntgen  thought  that  this  radiation  was  produced  by  totigi- 
tiidinal  vibrations  in  the  ether. 

A  very  different  view  aa  to  the  nature  of  the  Rontgen  ray  is  lield 
by  Stokes.'  He  recognizes  that  these  raya  must  be  something  propa- 
gated in  the  ether,  and  are  produced  by  tie  cathode  rays  striking 
upon  the  glass  walls  of  the  exhausted  tube.  The  cathode  rays  are 
streams  of  highly  charged  molecules.  These  fall  upon  the  walls  of 
the  vacuum  tube,  and  each  molecule  sets  np  a  puliie  in  the  etfaer. 
The  Kontgen  ray  is  then  a  vast  succession  of  these  itidepenilent 
pulses,  sent  out  in  an  irregular  manner. 

By  means  of  this  theory  Stokes  shows  that  he  can  explain  the 
facts  which  are  known  in  a  perfectly  satisfactory  manner.  Their 
penetrating  power  is  due  to  the  fa«t  that  tbe  pulse  is  gone  before 
any  harmonious  vibration  between  the  ether  and  the  molecules  can 
be  set  up.  This  theory  also  accounts  for  the  absence  of  diffraction 
more  satisfactorily  than  by  assuming  that  the  Kontgen  rays  are  rays 
of  light  of  very  short  wave-length.  The  view  of  Stokes  supported 
by  J.  iT.  Thomson '  is  the  one  now  generally  accepted. 

The  Beoqnerel  Bays.  —  A  form  of  radiation  which  in  some  re- 
spects resembles  the  liontgen  rays,  but  in  others  seems  to  differ  from 
it,  was  discovered  by  Becquerel  ■  in  1896.  Compounds  of  uranium 
when  exposed  to  light  have  the  property  of  emitting  an  invisible 
radiation  which  traverses  many  substances  impervious  to  light,  such 
as  black  pa{>er,  thin  sheets  of  many  metals,  such  as  aluminium,  cop- 

•  Mnnchtster  lAl.  and  Phil.  Soc.  41.  Part  IV,  18n6-lB97.  ScientiSo  Memoirs 
Series,  III,  43.     "  The  Wilde  Leclure,"  July  25,  1897. 

«  Phil.  Mag.  4B,  172  (1898). 

'  Compt.  rend.  123.  420,  601,  659.  589.  762,  108S  ;  1>S,  65S ;  IH,  438,  800 ; 
ISB,  T7I  ;  139,  f)12;  ISO,  206,  372,  800,  979,  1164;  131,  137;  18S,  371  (18IM-}. 
XalHi-f.  63,  306  (1001). 


PHOTOCHEMISTRY  485 

per,  etc.  This  property  is  possessed  by  metallic  uranium  to  from 
three  to  four  times  the  extent  that  it  is  manifested  by  the  salts  of 
this  metal. 

This  is  entirely  different  from  the  phosphorescence  shown  by 
salts  of  uranium,  since  the  latter  disappears  very  quickly,  while 
the  power  of  emitting  this  invisible  radiation  persists  for  years. 

If  a  piece  of  uranium  or  of  one  of  its  salts  is  placed  above  a 
photographic  plate  covered  with  black  paper  or  aluminium  leaf, 
and  various  substances  are  interposed  between  the  uranium  and  the 
plate,  after  several  hours  "  radiographs  "  are  obtained  upon  the  plate. 
These  rays  were  also  supposed  for  a  time  to  be  capable  of  polari- 
zation by  means  of  tourmalines.  These  phenomena  would  suggest 
properties  analogous  to  those  possessed  by  light,  and  led  Stokes  *  to 
conclude  that  the  Becquerel  rays  occupy  a  position  intermediate 
between  the  Rontgen  rays  and  light.  As  we  have  seen,  he  regarded 
the  Rontgen  ray  as  made  up  of  a  great  number  in  independent  pulses. 
In  the  Becquerel  ray  he  thought  that  there  was  still  irregularity,  but 
some  regularity  was  beginning  to  manifest  itself. 

Later  experiments,  however,  have  shown  that  the  uranium  radia- 
tion undergoes  neither  reflection,  refraction,  nor  polarization. 

This  radiation  is  transmitted  differently  through  screens  of  dif- 
ferent substances,  depending  upon  the  angle  in  which  they  are 
simultaneously  placed  in  the  path  of  the  radiation.  This  would 
indicate  that  the  radiation  is  not  homogeneous. 

The  uranium  radiation  discharges  positive  and  negative  charges 
with  equal  speed,  and  its  power  to  render  a  gas  a  conductor  has  been 
shown  by  Rutherford '  to  be  due  to  an  ionization  of  the  gas.  The 
above  and  similar  phenomena  have  been  characterized  as  radio- 
activity. 

Other  Badioactive  Substances. — The  discovery  was  made  in  1898 
by  G.  C.  Schmidt*  that  thorium,  like  uranium  and  its  compounds, 
can  send  out  rays  which  are  similar  to  the  Rontgen  rays.  A  little 
later  (1898)  M.  and  Mme.  Curie*  observed  that  certain  uranium 
minerals,  such  as  pitchblende,  were  radioactive  to  a  much  greater 
degree  than  metallic  uranium  or  thorium.  The  conclusion  was 
drawn  that  in  such  minerals  there  are  other  radioactive  substances 
than  uranium,  and  an  attempt  was  made  to  isolate  such  substances. 
Pitchblende  was  dissolved  in  acid,  and  hydrogen  sulphide  passed 
into  the  solution.     The  sulphide  of  the  active  substance  is  insoluble 

1  Loc,  cit.,  "Wilde  Lecture.  »  Wied.  Ann,  65,  141  (1898). 

a  PhiL  Mag,  47,  109  (1899).  *  Compt.  rend.  127,  176  (1898). 
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in  ammonium  sulphide,  and  was  partially  separated  from  the  ( 
sulphides  insoluble  in  this  substance.  Further,  when  the  mixed 
sulphides  from  pitchblende  are  heated  to  700°,  the  active  substance 
sublimes  into  the  cooler  portion  of  the  tube.  The  substance  obtained 
in  this  way  was  400  times  as  active  as  uranium.  This  was  further 
pui'ified  by  removing  the  bismuth  until  a  much  greater  radioactivity 
was  showu.  This  substance  was  called  polonium,  after  the  native 
country  of  Mme.  Curie. 

M.  and  Mme.  Curie '  discovered  a  second  radioactive  substance 
in  pitchblende.  This  substance  is  obtained  with  the  barium,  from 
which  it  is  impossible  to  effect  a  complete  separation.  Tbis  sub- 
stance is  not  precipitated  by  hydrogen  sulphide  nor  ammonium 
sulphide.  By  dissolving  the  chloride  in  water  and  precipitating 
with  alcohol,  a  substance  was  obtained  which  had  a  radioactivity 
17,000  times  that  of  uranium.  This  substance  they  termed  radium. 
The  spectrum  was  determined  by  Demarcay,'  and  new  lines  were 
discovered. 

More  recently  Dabienie '  claims  to  have  discovered  a  third  radio- 
active substance  iu  pitchblende,  which  is  closely  allied  to  titanium 
in  its  properties. 

The  rays  from  radium  are  much  more  intense  than  those  from 
polonium,  uranium,  or  thorium.  Rays  from  radium  and  polonium 
produce  fluorescence  in  barium  platinocyanide,  while  those  from 
thorium  and  uranium  are  not  sufficiently  intense  to  excite  this 
fluorescence.  The  radiation  from  polonium  is  much  less  penetrating 
than  that  from  radium,  not  being  able  to  traverse  even  black  paper. 

The  rays  from  certain  radiating  substances  are  deviated  by  a 
magnetic  field,  while  other  rays  are  not  deviated.  This  shows  that 
there  are  two  kinds  of  rays  given  out  by  radioactive  substances; 
indeed,  both  kinds  coexist  in  the  radium  radiation.  The  nature  of 
the  kind  which  o^mot  be  deviated  is  unknown,  and  these  are  much 
less  penetrating  than  the  deviable  rays,  which  have  been  shown  to 
be  identical  with  the  cathode  rays.  It  has  also  been  shown  that  in 
the  radium  radiation  there  are  very  penetrating  rays  which  are  not 
deviable. 

In  identifying  the  deviable  rays  with  cathode  rays  it  has  been 
demonstrated  that  there  is  a  transport  of  electrical  charges  and  also 
a  deviation  in  an  electrostatic  field.  By  comparuig  the  electrostatic 
and  electromagnetic  deviations  the  velocity  of  the  particles  was 


'  Oompl.  rmd.  187.  1216  (1898).     Chem.  XfiBS.  78,  1  (1909). 

'  Ibtd.  127.  iai8  (1898).  >  Conipt.  renrf.  1S9,  6«3  (18B0). 
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determined  and  found  in  one  case  to  be  1.6  x  10^®,  or  about  one-half 
that  of  light.  The  ratio  of  the  masses  to  the  charges  which  they 
carry  was  shown  to  be  10"^,  which  corresponds  exactly  to  the 
cathode  ray. 

From  the  above  and  other  data  it  has  been  calculated  that  the 
loss  of  matter  from  each  square  centimetre  of  surface  of  the  radio- 
active substance  is  one  milligram  in  about  one  thousand  million 
years.  As  BecquereP  says,  "If  the  material  emission,  which  ap- 
pears to  be  of  the  same  order  as  the  evaporation  of  certain  scented 
substances,  is  the  first  cause  of  the  observed  phenomena,  there  would 
be  no  contradiction  between  the  apparent  absence  of  any  source  of 
energy  and  the  continuous  emission  of  this  energy." 

1  Nature,  68,  398  (1901). 
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CEUQHICAI.  D7NAMICS   AND   EQUILIBRIUU 
HISTORICAL  SKETCH 

Earlier  View«.  —  The  fact  that  different  forma  of  matter  can 
combine  with  one  another,  giving  new  products,  waa  recognized  as 
early  as  chemical  elements  and  compounds  were  dealt  with.  Certaia 
elements  combine  with  certain  other  elements  giving  compounda 
many  of  whose  properties  differed  fundamentally  from  those  of 
either  element.  Some  elements  combine  with  the  greatest  ease, 
evolving  a  large  amount  of  heat,  while  othera  combine  with  diffi- 
culty, or  only  at  elevated  temperatures,  while  others  again  would 
not  combine  under  any  known  conditions.  It  was  also  early  ob- 
served that  one  element  may  have  the  power  of  breaking  down  a 
compound  contajniug  two  or  more  elements,  combining  with  one 
or  more  elementa  and  setting  the  remainder  free.  It  was,  therefore, 
obvious  that  elements  possess  very  different  powers  of  combination, 
and  that  the  compounds  formed  have  very  different  degrees  of 
stability. 

The  property  of  elements  to  enter  into  chemical  combination  was 
named  chemiixil  affinitt/.  The  earlier  experimenters  and  observers, 
however,  were  not  content  with  merely  naming  the  phenomena,  but 
sought  to  explain  it,  and  a  nuinlwr  of  theories  were  proposed  quite 
early  to  accoiuit  for  chemical  union.  Passing  over  certain  meta- 
physical speculations  of  the  Greeks,  which  referred  chemical  union 
to  love  and  decomposition  to  hate  between  the  atoms,  and  certain 
mechanical  conceptions  of  chemical  union,  which  regarded  the  atoms 
as  provided  with  hooks  which  interlocked  and  formed  chemical 
compounds;  we  come  to  the  time  of  Newton.  His  discovery  of 
the  law  of  gravitation  seemed  to  throw  new  light  on  the  problem 
of  chemical  affinity.  If  large  masses  of  matter  attract  one  another 
proportional  to  their  masses  and  inversely  as  the  square  of  the  dis- 
tance, why  might  not  the  attraction  between  atoms  follow  the  same 
law?  In  a  word,  why  might  not  chemical  attraction  and  the  at- 
traction of  gravitation  be  referred  to  the  same  cause?     Although 
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Newton  showed  that  chemical  attraction  decreases  more  rapidly 
with  the  distance  than  would  be  required  by  the  law  of  gravita- 
tional attraction,  yet  Buff  on  and  others  were  deeply  influenced  by 
the  discovery  of  Newton,  in  their  attempts  to  explain  chemical 
attraction. 

At  the  beginning  of  the  nineteenth  century  an  entirely  new 
conception  was  introduced  in  the  attempts  to  explain  chemical 
attraction.  The  power  of  the  etectric  spark  to  effect  both  chemical 
union  and  decomposition  was  known.  Cavendish  showed  that  nitric 
acid  is  formed  from  air  when  electric  sparks  are  passed  through  it, 
and  Priestley  found  that  ammonia  was  decomposed  by  the  electric 
spark  into  products  whose  volume  was  greater  than  its  own.  The 
discovery  of  Galvani,  and  the  utilization  of  this  discovery  by  Volta 
in  the  construction  of  his  pile,  gave  a  continuous  supply  of  electric- 
ity on  a  comparatively  large  scale.  It  was  quickly  discovered  that 
the  electric  current  cannot  only  decompose  water,  but  also  many 
other  chemical  compounds,  such  as  salts  of  the  heavy  metals.  Since 
chemical  attraction  could  be  so  readily  overcome  by  the  current,  it 
seemed  probable  that  there  was  a  very  close  relation  between  chemi- 
cal attraction  and  electrical  attraction.  As  the  result  we  have  the 
electrochemical  theories  of  Davy  and  Berzelius  to  which  sufficient 
reference  has  already  been  made.  The  fundamental  conception 
which  underlies  both  of  these  theories  is  that  chemical  attraction 
is  nothing  but  the  electrical  attraction  of  oppositely  charged  parts. 

The  earlier  chemists  were  not  content  with  theorizing  about  the 
nature  of  chemical  affinity,  but  carried  out  elaborate  experimental 
investigations  in  which  they  measured  the  relative  affinities  of 
substances  for  one  another.  To  some  of  the  more  important  of 
these  we  shall  now  turn. 

Oeoffroy's  and  Bergmann's  Tables.  —  Geoffroy  attempted  to  ar- 
range chemical  substances  in  tables  in  the  order  of  their  affinity. 
A  given  substance  was  placed  at  the  top  of  a  table,  and  other  sub- 
stances arranged  in  the  order  of  their  decreasing  affinity  for  the 
substance  in  question.  The  substance  higher  in  the  table  displaced 
from  their  compounds  those  below  it,  the  ease  with  which  the  dis- 
placement took  place  depending  upon  the  relative  positions  in  the 
table.  This  method  of  dealing  with  chemical  affinity  referred  it 
entirely  to  the  nature  of  the  substances  which  were  brought  to- 
gether, and  made  it  independent  of  any  external  conditions  to  which 
the  substances  were  subjected. 

Bergmann  went  much  farther  than  Geoffroy  in  that  he  recognized 
that  the  power  of  substances  to  react  chemically  depended  not 


440 


THE  ELKMENTS  OF  PHYSICAL  CHEMISTRY 


only  upon  their  nature,  but  also  upon  other  conditions.  Thus,  the 
state  of  division  had  a  marked  infiuence  on  the  reactivity  of  sub- 
stances, and  this  explained  why  substances  react  much  better  in 
solution  than  in  the  solid  state.  The  table  expressing  the  relative 
affinities  of  substances  in  the  dry  state  would  thus  be  very  different 
from  the  table  for  the  same  substances  in  solution.  We  would, 
therefore,  have  two  tables  of  affinity,  —  one  in  the  dry  state  and  one 
in  the  wet.  Bergmann  pointed  out  that  these  tables  of  aflSnity  are 
purely  qualitative,  representing  the  relative  affinities  of  substances 
for  one  another.  They  were  not  to  be  regarded  as  a  quantitative  ex- 
pression of  the  magnitude  of  cliemieal  attraction  between  substances, 
since  this  varies  so  greatly  with  the  conditions. 

One  point  of  fundamental  importance  as  conditioning  chemical 
activity  was  overlooked  by  Bergmann,  i.e.  the  effect  of  mass.  It 
remained  for  \Veiizel  to  point  this  out. 

Venzel  points  out  the  Effect  of  Kaii.  —  In  his  book,'  published 
in  1777,  Weiizel  dealt  with  the  whole  problem  of  chemical  action  iu 
a  much  broader  way  than  any  one  had  done  up  to  his  time.  He  con- 
sidered the  various  influences  which  might  come  into  play  to  account 
for  chemical  action,  and  observed  certain  discrepancies  which  could 
not  be  accounted  for  by  auy  of  the  ordinary  methods.  Thus,  under 
some  couditions  sulphuric  acid  will  replace  nitric  acid  from  its  salts; 
under  other  conditions  nitric  acid  will  replace  sulphuric,  This  led 
Wenzel  to  inquire  into  the  effect  of  different  quantities  of  one  sub- 
stance with  respect  to  the  other  on  the  velocity  and  the  amount  of 
the  reaction  between  the  two.  He  was  led  to  the  conclusion  that 
chemical  action  is  proportional  to  the  concentration  of  the  substances 
entering  into  the  reaction.  This  was  the  first  recognition  of  the 
effect  of  mass  on  chemical  action. 

The  Work  of  Berthollet. — The  first  systematic  experimental  study 
of  the  effect  of  mass  on  chemical  action  was  made  by  BerthoIIet*  at 
the  very  beginning  of  the  nineteenth  century.  His  first  paper  was 
published  in  1799  while  with  Napoleon  in  Cairo;  Berthollet  having 
been  selected  as  one  of  several  men  of  science  to  accompany  Napoleon 
on  his  Egyptian  expedition.  The  views  of  BerthoUet  in  reference 
to  the  effect  of  mass  on  chemical  action  are  clearly  expressed  in  this 
first  communication.' 

Chemical  affinities  do  not  act  as  absolute  forces,  by  means  of 

'  L*hr*  foil  der  chrminehen  Ver^eandtifha^  iter  KSrprr. 

*  Easai  dt  Statiqur  Chlmique.    Papers  compiled  in  Oitieald't  Kltutiker 
Sxaktfn  Wlssenarhnflen,  Vo.  74. 

*  Ostvald'*  Elantilcer,  74,  6. 
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whicli  one  substance  can  replace  another  from  its  compounds ;  but 
in  all  combinations  and  decompositions  we  must  take  into  account 
not  merely  the  strength  of  the  affinities,  but  also  the  masses  of  the 
substances  which  are  reacting.  The  effect  of  mass  can  overcome  the 
force  of  affinity,  from  which  it  follows  that  the  activity  of  a  substance 
must  be  measured  by  the  mass  which  is  required  to  bring  about  a 
definite  degree  of  reactivity. 

BerthoUet  carried  out  a  number  of  experiments,  which  he  de- 
scribed in  a  second^  communication,  showing  the  effect  of  mass 
action.  Barium  sulphate  was  decomposed  by  potassium  hydroxide, 
the  amount  of  the  decomposition  depending  upon  the  amount  of  the 
hydroxide  present.  Similarly  calcium  oxalate  was  decomposed  by 
potassium  hydroxide  in  varying  amounts,  depending  upon  the  quan- 
tity of  the  hydroxide  used.  It  is  possible  to  effect  almost  complete 
decomposition  of  the  sulphate  and  oxalate  if  enough  hydroxide  is 
used. 

BerthoUet  studied  also  the  effect  of  solubility  on  chemical  activ- 
ity. In  order  that  substances  may  react  there  must  be  good  contact, 
and  such  is  established  in  solution.  Substances  react  not  according 
to  the  total  amount  present,  but  according  to  the  amount  in  solution. 
This  appeared  in  his  fourth  communication.  In  subsequent  papers 
he  took  up  the  study  of  the  nature  of  the  solvent,  the  effect  of  heat, 
etc.,  on  chemical  action;  but  the  essential  features  in  his  theory  of 
mass  action  were  presented  in  his  earlier  communications.  The 
views  of  BerthoUet  are  summarized  by  himself*  as  follows,  "The 
chemical  activity  of  a  substance  depends  upon  the  force  of  its  affinity 
and  upon  the  mass  which  is  present  in  a  given  volume." 

The  theory  of  BerthoUet  was  not  immediately  accepted.  Indeed, 
for  a  considerable  time  it  exercised  very  little  influence  on  chemical 
thought.  It  appeared  to  thinking  chemists  that  BerthoUet  had  gone 
too  far  in  supposing  that  mass  was  the  chief  factor  in  conditioning 
chemical  activity.  The  opposition  to,  or  neglect  of,  his  views  was 
increased  by  a  conclusion  to  which  he  thought  himself  forced  by  his 
discoveries.  If  reaction  depends  chiefly  upon  mass,  then  the  quan- 
tity of  one  substance  which  combines  with  a  given  quantity  of 
another  substance  should  depend  upon  the  relative  masses  of  the 
substances  which  are  present.  This  was  directly  at  variance  with 
the  idea  of  the  constant  composition  of  chemical  compounds,  and  led 
to  the  classical  discussion  between  Proust  and  BerthoUet.  The  well- 
known  result  was  that  BerthoUet  was  in  error  in  this  conclusion,  the 

1  Oatwald's  Klassiker,  74,  7.  «  Ibid.  74,  70. 
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work  of  Proust  ahowing  that  Dalton'a  laws  of  constant  composition 
and  multiple  proportion  were  undoubtedly  correct  All  this  tiiuded  to 
bring  Berthollei's  generalization  into  disrepute,  and  the  effect  of 
mass  as  playing  any  prominent  rSle  in  chemical  reactions  was  almost 
entirely  disregarded  for  forty  years.  It  was,  however,  aga^n  brought 
to  the  front  in  1842  by  the  work  of  Kose. 

The  ObiervationB  of  Heinricli  Kose.  —  Bose  showed  that  the  sul- 
phides of  the  alkaline  earths  are  decomposed  by  water  yielding  the 
corresponding  hydroxides,  the  amount  of  the  decomposition  depend- 
ing upon  tbe  amount  of  water  present. 

He  also  caSled  attention  to  a  phenomenon  in  nature  which  illus- 
trates in  a  striking  way  the  action  of  mass.  The  silicates  are  among 
the  most  stable  compounds  known,  being  decomposed  with  any  con- 
siderable velocity  only  by  the  most  powerful  chemical  reagents.  Yet 
in  nature  these  compounds  are  undergoing  continual  decomjwsition, 
which  is  effected  by  such  weak  reagents  as  carbon  dioxide  and  water. 
All  over  tbe  surface  of  the  earth  we  have  the  transformation  of 
silicates  into  carbonates,  due  to  the  action  of  the  enormous  amounts 
of  carbon  dioxide  in  the  air  and  water.  This  reaction  cannot  be 
effected  to  any  appreciable  extent  in  the  laboratory,  since  the  time 
at  disposal  for  such  an  experiment  is  not  sufficiently  great.  Here 
we  have,  then,  a  beautiful  example  of  the  effect  of  mass  on  chemical 
activity. 

One  other  example  which  was  pointed  out  by  Rose  should  be  cited. 
When  a  boiling  solution  of  acid  potassium  sulphate  of  medium  concen- 
tration is  crystallized,  the  crystals  have  the  composition  expressed 
by  the  formula  3  KiSO,  H^SOj  and  watflr,  a  portion  of  the  sulphuric 
acid  having  been  split  off  to  combine  with  the  water.  If  these  crys- 
tals are  redtssolved  in  more  water,  and  the  solution  evaporated  to 
crystallization,  the  neutral  salt  will  separate,  showing  a  further  split- 
ting off  of  sulphuric  acid  due  to  the  mass  action  of  the  water. 

These  examples  and  many  others,  which  were  brought  forward  by 
Rose,  called  attention  again  to  the  importance  of  mass  as  condition- 
ing chemical  reactions,  and  succeeded  in  arousing  interest  about  the 
middle  of  the  century  in  the  theory  which  ha<i  been  advanced  by 
Wenzel  and  experimentally  verified  by  licrthollet  at  the  beginning. 

Renewed  Intereit  in  the  Theory  of  Hass  Action.  —  After  tlie  above 
facts  liad  been  poiuted  out  by  Rose,  observations  illustrating  the 
effect  of  mass  were  made  on  all  sides.  Dulong '  studied  quite  early 
the  decomposition  of  bai'iiun  sulphate  by  potassium  carbonate  when 


1.  [1],  Ba,  27;J  (1812). 
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the  two  were  fused  together,  and  also  when  the  sulphate  was  boiled 
with  a  solution  of  the  carbonate.  The  amount  of  the  sulphate 
transformed  into  carbonate  depends  upon  the  amount  of  the  soluble 
carbonate  present.  He  also  showed  that  barium  carbonate  can  be 
transformed  into  sulphate  by  boiling  with  a  solution  of  a  soluble 
carbonate. 

Rose  ^  studied  these  reactions  quantitatively,  and  showed  that  the 
action  of  the  soluble  salt  ceases  long  before  it  has  all  been  used  up. 
If  to  a  solution  of  potassium  carbonate  a  certain  amount  of  a  soluble 
sulphate  is  added,  it  no  longer  has  the  power  to  transform  barium 
sulphate  into  carbonate.  He  observed  that  strontium  and  calcium 
sulphates  are  more  easily  decomposed  by  a  soluble  carbonate  than 
barium  sulphate,  and  explained  this  as  due  to  the  greater  insolubility 
of  the  barium  sulphate.  He  supposed,  and  correctly,  that  the  soluble 
sulphate  formed  would  begin  to  react  on  the  barium  carbonate,  giving 
the  very  insoluble  barium  sulphate. 

That  such  a  reaction  as  the  above  is  reversible,  was  pointed  out 
clearly  by  Malaguti.*  He  showed  that  we  have  to  deal  here  with 
two  reactions,  —  the  one  giving  barium  carbonate  and  potassium  sul- 
phate, and  that  these  then  react,  giving  again  barium  sulphate  and 
potassium  carbonate.  As  the  amount  of  potassium  sulphate  present 
increases,  the  velocity  of  the  second  reaction  increases,  until  finally 
the  velocities  of  the  two  opposite  reactions  become  equal.  At  this 
point  we  have  the  maximum  amount  of  decomposition  of  the  barium 
sulphate,  which,  under  the  conditions,  it  is  possible  to  obtain. 

Malaguti  carried  out  a  large  number  of  experiments  on  the 
decomposition  of  insoluble  salts  by  soluble,  but  failed  to  reach  any 
very  wide  generalization. 

The  Law  of  Eeaction-velocity.  —  In  1850  Wilhelmy'  studied  the 
inversion  of  cane  sugar  by  acids,  and  discovered  one  of  the  most 
important  laws  in  chemical  dynamics.  He  varied  the  temperature, 
the  quantity  of  sugar,  the  quantity  of  acid,  and  used  diiferent  acids. 
He  arrived  at  the  result  that  the  amounts  transformed  in  a  given  time 
are  proportional  to  the  amounts  present  at  that  time. 

If  both  substances  undergo  change,  the  velocity  is  proportional  to 
the  product  of  the  two  active  masses.  Since,  however,  in  the  case 
of  the  inversion  of  cane  sugar  by  acids,  only  the  cane  sugar  under- 
goes change,  the  velocity  is  dependent  only  upon  the  amount  of  sugar 
in  the  solution. 

1  Pogg.  Ann.  94,  481  (1856)  ;  96,  96,  284,  426  (1855). 

*Ann.  Chim.  Phys.  [3],  61,  328  (1867). 

*  Pogg.  Ann,  81,  413  (1860).    OstwalcTs  Klasaiker,  No.  29. 
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Wilhelmy'  formulated  these  relations  as  follows:  "Let  dZc 
the  amount  of  sugar  inverted  in  unit  time  dT,  and  let  ua  assume 
that  this  ia  given  by  the  formula,  — 


dT 


--  MZS, 


in  which  M  is  the  mean  vahie  of  the  infinitely  small  quantit 
sugar,  vhifh  is  transformed  in  unit  time  by  the  action  of  unit  qd 
tity  of  acid.     (Z  is  the  amount  of  the  sugar,  S  that  of  the  acid.)  f 
"  The  above  equation  gives  on  integi'ation, — 


--/•' 


MSdT; 


or  since,  as  already  shown,  S  is  constant,  M  on  the  other  hand  is 
inde|>endent  of  Z  and,  therefore,  of  T,  which  should  be  established 
later  by  experiment,  — 

ioez=-MST+  a 

For  r  =  0,  Z  =  Z„, 

whence,  log  ^  -  log  Z  =  MST,  or  Z  =  Z^E.  Since  Z„  S,  and  T 
given,  and  Z  is  known  by  experiment,  the  formula  can  be  used 
determine  M.'' 

This  work  of  Wilhelmy  must  be  regarded  as  the  foundation  of 
chemical  dynamics.  The  relation  which  he  established  is  a  general 
one,  holding  for  the  velocity  of  all  reactions  in  which  only  one  sub- 
Btauce  is  transformed.  Wilhelmy  recognized  that  the  velocity  of 
the  reaction  is  largely  influenced  by  the  nature  of  the  acid  used,  but 
did  not  arrive  at  any  general  relation  connecting  this  property  of 
acids  with  any  other  properties.  Lowenthal  and  Lenssen*  took  up 
the  latter  problem  and  showed  that  a  vei-y  interesting  and  important 
relation  exists.  The  velocities  with  which  acids  will  invert  cane 
sugar  are  proportional  to  the  strengths  of  the  acids.  They  pointed 
out  that  since  this  relation  exists,  the  rates  at  wliich  different  acids 
invert  augai'  can  be  used  as  a  ready  means  of  measuring  the  relative 
strengths  of  acids.  They  determined  the  relative  rates  at  which 
a  number  of  the  more  common  acids  effect  inversion ;  the  halogen 
ai.'ids  and  nitric  acid  having  the  greatest  action,  while  sulphuric, 
phosphoric,  and  the  organic  acids  invert  much  slower. 

Work  of  Berthelot  and  F^n  de  Saint  Oillei.  —  Berthelot  and 
P^au  de  Saint  Gilles'  investigated  experimentally  the  effect  of  mass 

>  P-'ijg.  Ani>.  81,  4!8  (IP.'*).  ^  J»,ini.  pralet.  Ckrm.  88.321  (1862). 

a  Ann.  Ckim.  Phi/a.  [3].  8ft.  HHr> ;  88,  6 ;  SB,  225  (18(ja-lflfl8) 
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on  chemical  action  by  studying  the  formation  of  ethereal  salts  from 
alcohols  and  acids.  This  reaction  is  particularly  well  adapted  to 
the  purpose,  since  it  proceeds  slowly  and  tends  toward  a  limit,  the 
point  of  equilibrium  being  determined  by  the  amount  of  alcohol  or 
acid  present,  by  the  temperature,  etc.  Furthermore,  this  reaction 
is  reversible,  i,e.  the  products  of  the  first  reaction  react  in  turn  and 
give  rise  to  the  original  substances.  Thus,  an  ethereal  salt  and  water 
react,  and  give  the  alcohol  and  acid  from  which  the  ethereal  salt 
was  formed. 

They  found  that  temperature  had  a  marked  influence  on  the 
velocity  of  the  reaction,  the  same  amount  of  ethereal  salt  being 
formed  in  less  than  five  hours  at  100**,  as  was  formed  in  95  days  at 
from  6°  to  9**.  Pressure  up  to  80  atmospheres  had  no  appreciable 
influence. 

Berthelot  and  P^an  de  Saint  Gilles  investigated  also  the  effect  of 
the  nature  of  the  acid  and  of  the  base  on  the  velocity  with  which  the 
ester  is  formed,  and  the  amount  of  ester  formed  when  equilibrium 
was  reached.  With  a  given  alcohol,  the  velocity  of  ester  formation 
decreases  as  the  acid  becomes  more  complex.  With  a  given  acid, 
the  velocity  of  ester  formation  does  not  vary  appreciably  with  the 
complexity  of  the  alcohol.  Berthelot  ^  concluded  from  their  study 
of  the  velocity  of  ester  formation,  that  the  amount  of  ester  formed 
in  every  moment  is  proportional  to  the  product  of  the  masses  of  the 
reacting  substances,  and  inversely  proportional  to  the  volume,  which 
contains  essentially  the  views  which  we  hold  to-day. 

From  the  study  of  the  relation  between  the  chemical  composition 
of  the  acid  and  alcohol,  and  the  amount  of  ester  formed,  some  inter- 
esting conclusions  were  reached.  A  few  of  their  results  are  given, 
in  which  different  alcohols  and  acids  were  employed.  The  reaction 
was  allowed  to  proceed  until  the  maximum  amount  of  ester  was 
formed  under  the  conditions.  The  results  are  expressed  in  percen- 
tage of  the  theoretical  amount  of  ester  which  would  be  formed  if  the 
reaction  went  to  the  end :  — 

Ebtkb  Formed 

CjHeO  andCHaCOOH 66.9% 

CjHeO  and  CHs.CHj.CHoCOOTI 69.8% 

CaHeO  and  CeHgCOOH 67.0% 

CH4O    andCHsCOOH 67.6% 

CH4O    andCeHfiCOOH 64.6% 

CsHijO  and  CHsCOOH 68.9% 

C5H12O  and  CeHfiCOOH 70.0% 

1  Ann.  Chim,  Phy»,  [3],  66,  110  (1862). 
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The  result  is  very  surprising  in  that  neither  the  nature  of  the  ackl 
uor  the  base  has  any  marked  influence  on  the  amount  of  estet 
formed. 

The  most  interesting  question  studied  by  Berthelot  and  P&in  de 
Saint  Gilles  still  remains.  They  varied  the  quantity  of  alcohol  with 
respect  to  that  of  the  acid,  and  noted  the  effect  on  the  amount  of 
ester  formed-  The  following  results  were  obtained  with  ethyl 
alcohol  and  acetic  acid,  E  repi-esenting  the  number  of  equivalents 
of  ethyl  alcohol  to  one  of  acetic  acid :  — 


x 

En«B  Fowni. 

S 

e™.f»«„ 

0.2 

111.3% 

4 

88.2% 

0.5 

42.0% 

12 

93.2% 

1.0 

66.6% 

18 

05.0% 

1.6 

77.9% 

50 

100.0% 

2.0 

82.8% 

These  results  show  in  a  most  striking  manner  the  effect  of  mass 
action.  When  one-fifth  of  an  equivalent  of  alcohol  is  used,  only  19.3 
per  cent  of  the  possible  amount  of  eater  is  formed.  When  the 
alcohol  is  increased  to  one  equivalent,  the  amount  of  ester  increases 
to  66.5  per  cent  of  the  possible  amount,  while  an  increase  in  the 
uutriber  of  equivalents  of  alcohol  up  to  fifty  transforms  all  the  acid 
present  into  ester. 

This  relation,  which  is  general  for  different  alcohols  and  acids, 
shows  in  a  most  striking  manner  the  effect  of  mass  on  chemical  activ- 
ity. Indeed,  few  investigations  have  ever  beeu  carried  out  in  which 
the  effect  is  so  satisfactorily  demonstrated. 

Dissociation  by  Heat.  —  it  was  early  known  that  many  complex 
substances  are  broken  down  by  heat  into  simpler  parts.  Thus, 
calcium  carbonate  is  decomposed  by  heat  into  calcium  oxide  and 
carbon  dioxide,  ammonium  chloride  is  broken  down  into  ammonia 
and  hydrochloric  acid.  Such  phenomena  are  known  as  dissociation 
by  heat,  to  distinguish  them  from  the  dissociation  effected  by  solv- 
ents like  water.  Dissociation  by  heat  was  studied  extensively 
about  the  middle  of  the  nineteenth  centui-y  by  Sainte-Claire  Deville.' 
He  thought  that  the  amount  of  decomposition  is  dependent  upon  the 
temperature,  and  introduced  the  (conception  of  dissociation-tension, 
which  is  analogous  to  that  of  vapor- tens  ion. 


'  Compt.  Tfnd.  45,  857  ;  SB,  IM.  729  ;  88.  873  ; 
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It  is  a  remarkable  fact  that  from  his  studies  of  dissociation  by 
heat  Deville^  was  led  to  the  conclusion  that  mass  has  little  or  no 
influence  on  chemical  action.  We  know  to-day  that  there  are  few 
lines  of  investigation  which  have  pointed  so  clearly  to  the  effect  of 
mass  action.  Take  the  well-known  cases  of  ammonium  chloride  and 
phosphorus  pentachloride.  If  ammonium  chloride  is  vaporized  it  is 
decomposed  to  some  extent  into  its  constituents,  as  was  shown  by 
the  work  of  Pebal,  Than,  and  others ;  and  also  by  the  fact  that  its 
vapor-density  is  too  low.  If,  however,  ammonium  chloride  is  vola- 
tilized in  an  atmosphere  of  ammonia  or  of  hydrochloric  acid,  the 
vapor-density  corresponds  much  more  nearly  to  that  calculated  from 
the  molecular  weight  of  the  compound.  This  shows  that  the  dissoci- 
ation is  diminished  by  an  excess  of  either  product  of  the  dissociation. 

The  case  of  phosphorus  pentachloride  is  even  more  striking. 
When  this  compound  is  volatilized,  it  is  decomposed  to  a  consider- 
able extent  into  phosphorus  trichloride  and  chlorine,  as  was  proved 
by  the  color  of  the  vapor  showing  the  presence  of  free  chlorine,  the 
low  vapor-density,  and  by  other  methods.  If  phosphorus  penta- 
chlorine  is  volatilized  in  an  atmosphere  containing  an  excess  either 
of  phosphorus  trichloride  or  of  chlorine,  the  vapor-density  as  deter- 
mined by  any  of  the  well-known  methods  is  normal.  This  shows 
beyond  question  that  an  excess  of  either  product  of  dissociation 
drives  back  the  dissociation  of  phosphorus  pentachloride.  Nothing 
could  demonstrate  more  conclusively  the  effect  of  mass  action. 

Thermal  Changes.  —  At  this  stage  the  study  of  chemical  affinity 
took  an  entirely  new  turn.  Up  to  this  time  attention  had  been 
directed  almost  exclusively  to  the  material  changes  which  take  place 
in  chemical  reactions.  The  nature  of  the  substances  before  reaction, 
the  velocity  and  amount  of  the  reaction,  and  the  nature  of  the  prod- 
ucts had  been  studied  at  length.  This  is  what  we  would  expect, 
since  the  transformations  o^  matter  are  the  most  obvious  results  of 
chemical  reactions;  and,  further,  are  the  most  readily  studied. 
There  is,  however,  an  entirely  diflFerent  set  of  changes  going  on 
whenever  there  is  chemical  action.  It  was  early  observed  that  when 
we  have  chemical  activity  we  have  thermal  changes  —  heat  being 
either  evolved  or  absorbed,  usually  evolved.  Attention  was  directed 
about  the  middle  of  the  century  to  a  quantitative  study  of  these  ther- 
mal changes  as  a  means  of  throwing  light  on  the  problem  of  chemi- 
cal affinity. 

This  field  was  opened  up  in  1854  by  Julius  Thomsen,'  who  sought 

1  Le^ns  8ur  la  dissociation,  Paris,  1866.  «  Pogg,  Ann.  92,  34  (1854). 
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to  measure  chemical  affinity  by  means  of  the  heat  evolved.  Thonn- 
Ben'a  work  is  based  upon  this  fundamental  proposition,  "  We  can 
now  measure  in  absolute  units  the  magnitude  of  the  force  which  is 
developed  in  the  formation  of  a  compound  j  it  is  equal  to  the  amount 
of  heat  which  ia  evolved  in  the  formation  of  the  compound."  Al- 
though we  know  to-day  that  this  proposition  leaves  out  of  account 
a  number  of  factors,  yet  it  is  a  very  important  step  in  the  right 
direction, 

A  great  advance  in  the  application  of  thermocbemical  methods 
to  the  problem  of  chemical  affinity  was  made  by  Berthelot'  He 
began  hia  work  in  1867,'  and  during  the  next  fifteen  or  twenty  years, 
with  the  cooperation  of  his  students,  improved  therm oc he raical 
methods,  and  made  an  enormous  number  of  thermocbemical  deter- 
minations. 

As  the  result  of  this  extended  investigation,  Berthelot  arrived 
at  the  following  generalization,  which  has  come  to  be  known  as 
the  Tliird  PrmdiAe  of  Tliemiodynamics,  "  Every  chemical  change 
which  takes  place  without  the  aid  of  external  energy,  tends  to  form 
the  substance,  or  system  of  substances,  which  evolves  the  niost  heat." 
Although  there  are  many  apparent  exceptions  to  this  wide-reaching 
generalization,  yet  the  number  is  relatively  not  as  great  as  we  might 
expect  from  the  unnecessarily  severe  criticism  to  which  this  prin- 
ciple has  lieen  subjected.  As  has  been  stated,  it  undoubtedly  eon- 
tains  the  germ  of  a  great  truth. 

WilliamBon's  Views  on  Chemical  EqnilibiiiiiiL  —  One  other  inves- 
tigation must  be  referred  to  in  this  connection, — that  of  Williamson 
on  the  synthesis  of  ether  from  alcohol  and  sidphuric  acid.  This  has 
already  been  considered  in  connection  with  the  origin  of  the  theory 
of  electrolytic  dissociation,  but  its  bearing  on  chemical  equilibrium 
is  of  epoch-making  importance. 

Before  this  time  chemical  equilibnum  was  regarded  as  flfaftc. 
When  equilibrium  was  reached,  the  greater  forces  overcame  the 
smaller,  and  the  latter  were  unable  to  effect  any  transformation, 
being  completely  overpowered  by  the  greater. 

Williamson'  regarded  the  formation  of  ether  from  alcohol  and 
sulphuric  acid  as  taking  place  iu  two  stages.  In  the  first  stage  the 
hydrogen  of  the  sulphuric  acid  was  replaced  by  the  ethyl  group.  In 
the  second  the  ethyl  in  ethyl  sulphuric  add  was  replaced  by  hydro- 
gen.   The  reaction  in  one  direction  was  the  reverse  of  that  which. 


'  Easai  dt  Mir,anique  Ckimiqve.  '  Compt.  i 

'  Lieb.  A»n.  77,  37  (1S51). 
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took  place  in  the  opposite  direction,  but  both  reactions  were  going 
on  simultaneously.  If  this  reciprocal  exchange  of  parts  can  take 
place  with  atoms  or  groups  which  are  unlike,  so  much  the  more  can 
it  take  place  with  similar  atoms  or  groups.  Between  the  molecules 
of  any  given  compound  there  is,  then,  a  continual  interchange  of 
parts  taking  place ;  a  given  atom,  which  at  any  moment  forms  part 
of  one  molecule,  may  the  next  moment  form  part  of  an  entirely  dif- 
ferent molecule.  Says  Williamson,  "  In  a  vessel  containing  hydro- 
chloric acid,  we  must  not  regard  the  hydrogen  atoms  as  fixedly 
combined  with  the  chlorine  atoms,  but  any  one  hydrogen  atom  may 
take  the  place  of  any  other  hydrogen  atom,  being  now  combined 
with  one  chlorine  atom  and  now  with  another." 

This  conception  of  the  condition  of  things  when  equilibrium  is 
reached,  is  fundamentally  different  from  the  older  or  statical  view, 
which  regarded  the  atoms  as  fixedly  combined  in  molecules.  This 
view  of  equilibrium,  where  the  atoms  are  continually  changing  part- 
ners, as  it  were,  we  will  call  the  dynamical  mew.  Equilibrium  is 
then  dynamic,  not  static,  the  condition  which  must  be  fulfilled 
being  that  the  same  number  of  transformations  must  take  place  in 
one  sense,  in  a  given  time,  as  take  place  in  the  opposite  sense.  We 
shall  see  that  this  lies  right  at  the  foundation  of  our  present  concep- 
tion of  chemical  equilibrium  in  generaL 

As  has  already  been  mentioned,  Clausius  ^  proposed  a  theory  simi- 
lar in  kind  to  that  of  Williamson,  but  very  different  in  degree.  Ac- 
cording to  Clausius  it  is  only  necessary  to  assume  that  a  few  of  the 
molecules  are  broken  down  into  parts,  which  then  exchange  places 
with  similar  parts  of  other  molecules.  This  is  also  distinctively  a 
dynamical  conception  of  the  condition  of  equilibrium. 

These  dynamic  conceptions  were  applied  by  Pf aundler '  to  disso- 
ciation. A  vapor  dissociates  more  and  more  the  higher  the  tempera- 
ture, due  to  the  fact  that  more  and  more  molecules  are  brought 
into  the  condition  where  they  break  down  into  their  constituents. 
At  the  same  time  a  reunion  of  these  constituents  is  taking  place.  If 
the  temperature  is  kept  constant  at  any  point,  equilibrium  will  be 
established ;  but  this  equilibrium  is  dynamic,  molecules  imdergoing 
decomposition  all  the  while,  and  other  molecules  being  formed  from 
the  decomposition  products.  The  condition  of  equilibrium  is  that 
in  a  given  unit  of  time  the  same  number  of  molecules  are  decom- 
posed as  are  reformed. 

In  terms  of  these  dynamic  conceptions  we  can  see  how  mass  can 

1  Pogg.  Ann.  101,  338  (1867).  « Ibid.  181,  66  (1867). 
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have  an  influence  on  chemical  activity.  The  larger  the  number  of 
parts  present  the  more  frei^uently  they  eome  iu  contact,  and,  conse- 
quently, the  greater  the  chemical  rea/^tion. 

With  this  brief  historical  sketch  we  shall  now  turn  to  a  closer 
study  of  a  generalization  which  underlies  all  chemical  dynamics 
and  statics,  —  The  Law  of  Mass  Action. 


THE   LAW   OF  MASS  ACTION 

The  Work  of  Onldberg  and  Waage.  —  Guldberg,  who  was  1 
professor  ot  applied  mathematics  at  the  University  of  Christiania, 
and  Waage,  profesaor  of  chemistry  at  the  same  institution,  were  the 
first  to  mathematically  formulate  the  effect  of  mass  on  chemical 
activity.  Their  first  preliminary  paper  wa«  published  in  Norwegian 
in  1864.  Their  epoch-making  paper'  appeared  in  1867.  In  the  first 
part  of  their  paper  they  review  the  theories  of  affinity  which  had 
been  held.  The  views  of  Bergmann  and  Berthollet  are  taken  up,  and 
it  is  pointed  out  that  neither  is  sufiicient  to  account  for  all  the  facts 
known.  They  attributed  this  to  the  lack  of  a  suitable  method  for 
determining  the  magnitude  of  affinity.  They  point  out  that  the 
method  of  Bergmami,  based  on  the  assumption  that  if  the  substance 
B  replaces  C  from  a  compound  with  A,  giving  the  compound  AB, 
the  affinity  between  A  and  B  ia  greater  than  between  B  and  C,  is  not 
satisfactory,  since  this  assumption  leaves  out  of  account  a  large 
number  of  conditions  which  affect  the  reaction.  The  attempt  to 
measure  the  magnitude  of  chemical  affinity  by  the  heat  evolved 
during  the  reaction  was  regarded  as  unsatisfactory,  because  it  de- 
pends in  part  upon  the  conditions  under  which  the  reaction  takes 
place. 

Guldberg  and  Waage  point  out  that  in  chemistry,  as  in  mechanics, 
we  must  study  forces  by  their  effects,  and  the  most  natural  method 
ia  to  determine  forces  in  the  condition  of  equilibrium ;  "that  is  to 
say,  we  must  study  the  chemical  reactions  in  which  the  forces  which 
proiluee  new  compounds  are  held  in  equilibrium  by  other  forces. 
This  is  the  case  in  the  chemical  reactions  where  the  reaction  is  not 
complete  but  partial,  i.e.  in  the  reactions  where— 

"(a)   Addition  and  decomposition  take  place  at  the  same  tiin& 
and  where, 

"  (fc)   Substitution  and  reformation  proceed  simultaneously. 

'  larfstigatinns  on  Chemical  Afflnitiet.     University  prngnim  for  t 
Kniiir.     See  nlao  0»twald'g  Klaasiker,  No.  IM.    Ediled  by  R.  Ab^g. 
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The  authors  do  not  take  up  in  this  paper  the  case  of  addition 
and  decomposition,  or  dissociation,  since  the  data  available  are  not 
sufficient,  but  develop  the  law  of  mass  action  from  a  study  of  the 
second  class  of  reactions,  viz.  substitution. 

In  the  development  of  the  law  their  own  words  ^  are  given :  — 

"  Let  us  assume  that  two  substances,  A  and  B^  are  transformed 
by  double  substitution  into  two  new  substances,  A  and  B^\  and 
under  the  same  conditions  A  and  B^  can  transform  themselves  into 
A  and  B,  Neither  the  formation  of  A  and  B^  nor  the  reformation 
of  A  and  B  are  complete,  and  at  the  end  of  the  reaction  we  have 
the  four  substances  present  Ay  B,  A',  and  B'.  The  force  which 
causes  the  formation  of  A'  and  B'  is  in  equilibrium  with  that  which 
causes  the  formation  of  A  and  B.  The  force  which  causes  the 
formation  of  A'  and  B'  increases  proportional  to  the  affinity  coeffi- 
cients of  the  reaction  A-{-  B  =  A'  +  B',  but  it  depends  also  on  the 
masses  of  A  and  B. 

"  We  have  learned  from  our  experiments  that,  the  force  is  propor- 
tional to  the  product  of  the  active  masses  of  the  two  substances  A  and  B. 

"  If  we  designate  the  active  masses  of  A  and  Bhy  p  and  q,  and 
the  affinity  coefficient  by  K,  the  force  =  K , p,  q, 

"  As  we  have  often  observed,  the  force  Kpq,  or  the  force  between 
A  and  B,  is  not  the  only  force  which  comes  into  play  during  the 
reaction.  Other  forces  tend  to  retard  or  accelerate  the  formation  of 
A  and  B\  Let  us,  however,  assume  that  other  forces  do  not  exist, 
and  let  us  see  what  formula  is  developed  in  this  case.  We  believe 
that  the  consideration  of  this  ideal  reaction,  where  only  the  forces 
between  A  and  B,  and  between  A  and  B'  are  taken  into  account, 
will  furnish  the  reader  with  a  clear  and  distinct  presentation  of  our 
theory. 

"  Let  the  active  masses  of  A  and  B*  be  jp'  and  q\  and  the  affinity 
coefficient  of  the  reaction  A  -{-  B^  =  A-^  BhQ  K^  \  the  force  of  the 
reformation  of  A  and  B  is  equal  to  K^p^q\  This  force  is  in  equilib- 
rium with  the  first  force,  consequently,  — 

Kpq  =  jrp'q\  (1) 

"  By  determining  experimentally  the  active  masses  p,  g,  p\  and  g', 
we  can  find  the  relation  between  the  affinity  coefficients  K  and  K\ 

On  the  other  hand,  if  we  have  found  this  relation  -=,  we  can  calcu- 

XL 

late  the  result  of  the  reaction  for  any  original  condition  of  the  four 
substances.'' 

1  Ostwald's  Klassikcr,  104,  20. 
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GuMberg  and  Waage  then  develop  the  following  relations;  — 
"If  we  designate  by  P,  Q,  P',  and  Q',  the  absolute  masses  of  the 
four  substances  A,  B,  A',  and  B',  before  the  reaction  begins,  and  let 
X  be  the  number  of  atoms  of  A  and  B  which  are  transformed  into 
A'  and  B',  and  if  we  let  the  total  volume  V  during  the  reaction  be 
constant,  we  have  — 

F  y         ,       V  y        >      F  y         ,1  y 

"  By  inserting  these  values  into  equation  (1)  and  multiplying  by 
V,  we  have  — 

(p~.)(«-i)-|;(/>+i)(e'+4  (2) 

"  By  the  aid  of  this  equation  the  value  of  x  can  be  easily  deter- 
mined. 

"If  the  two  substances  A  and  A'  preserve  a  constant  active  mass 
during  the  reaction,  and  both  have  equal  value,  formula  (2)  becomes, 


"  From  which, 


1  + 


(3) 


(*) 


K 


"  This  case  ia  approximately  realized  if  A  and  A'  are  solids,  while 
B  and  B'  are  liquids." 

Guldberg  and  Waage  tested  their  law  by  letting  A  represent 
barium  sulphate,  B  potassium  carbonate,  A'  barium  carbonate,  and 
B'  potassium  sulphate.  They  studied  this  reaction  experimentally, 
using  different  quantities  of  barium  sulphate  and  potassium  carbo- 
nate (giving  different  values  to  Q  and  Q'),  and  determined  the  value 
of  X  in  each  case.  They  then  calculated  the  values  of  x  from  their 
deduction,  and  showed  that  the  two  sets  of  values  agreed  very 
satisfactorily. 

Thus  originated  the  law  of  mass  action,  which  lies  at  the  founda- 
tion of  chemical  dynamics  and  equilibrium. 

Guldberg  and  Waage  point  out  that  these  equations  hold  only 
for  idfol  reactions,  which  probably  seldom  exist.  They  then  con- 
sider the  other  forces  which  manifest  themselves  during  the  reac- 
tion. Thus,  side  reactions  take  place,  giving  rise  to  other  products 
which  may  either  accelerate  or  retard  the  original  reaction.  Again, 
some  of  the  substances  present  may  be  in  a  different  state  of  aggr&- 
^iitioii  from  the  remainder  —  we  may  have  solids  as  well  as  liquids 
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entering  into  the  reaction.  These  and  many  other  influences  may 
come  into  play,  and  all  of  them  have  to  be  taken  into  account  in 
applying  the  law  of  mass  action  to  chemical  reactions.  The  re- 
mainder of  this  paper  is  devoted  to  a  description  of  experimental 
data  which  bear  upon  the  correctness  of  this  law. 

In  another  important  contribution  *  in  1879,  Guldberg  and  Waage 
took  up  the  application  of  their  law  to  more  special  cases,  such  as 
where  one,  two,  or  three  of  the  substances  are  insoluble,  or  where 
one  or  more  of  the  substances  is  volatile.  Such  cases  of  heterogeneous 
reactions  will  be  considered  in  the  proper  place. 

Fundamental  Equations  of  Chemical  Dynamics  and  EqnilibriTim.  — 
The  fundamental  conception  which  underlies  the  application  of  the 
law  of  mass  action  to  chemical  dynamics  and  equilibrium  is  that 
reactions  are  reversible.  A  and  B  react  and  form  A  and  B\  and  at 
the  same  time  A  and  B^  react  and  reform  A  and  B,  This  is  per- 
fectly general.  It  may,  however,  happen  that  one  or  more  of  the 
products  is  insoluble  or  gaseous,  and  escapes  from  the  field  of  action, 
which  is  the  same  as  to  say  that  its  active  mass  is  reduced  very 
nearly  to  zero ;  but  these  are  special  cases  where  the  velocity  of  the 
reaction  in  one  direction  is  very  great  compared  with  the  velocity  in 
the  other  direction. 

Starting  with  the  fundamental  conception  of  the  reversibility  of 
reactions,  the  velocity  of  any  given  reaction  as  we  ordinarily  under- 
stand it  is  the  difference  between  the  velocity  in  one  direction  and 
the  velocity  in  the  other  direction.  Thus,  the  velocity  with  which 
an  ester  is  formed  is  really  the  velocity  with  which  the  alcohol  and 
acid  combine  to  form  the  ester  and  water,  minus  the  velocity  with 
which  the  ester  and  water  react  to  reform  the  alcohol  and  acid ;  in  a 
word,  it  is  the  rate  at  which  the  amount  of  ester  accumulates. 

If  we  represent  the  velocity  with  which  the  alcohol  and  acid 
combine  by  v,  this  would,  in  terms  of  mass  action,  be  equal  to  cpqy 
where  p  and  q  are  the  active  masses  of  the  alcohol  and  acid  (v  =  cpg). 
If  we  represent  the  velocity  with  which  water  and  ester  react,  form- 
ing acid  and  alcohol,  by  v^,  in  terms  of  mass  action  this  would  be 
equal  to  Cip/^u  p^  and  q^  being  the  active  masses  of  the  ester  and 
water.  The  velocity  of  the  reaction  as  a  whole  F,  would  be  the 
difference  between  these  two  velocities,  — 

F=  v  —  Vj  =  cpq  —  Cip  qi. 

This  is  the  fundamental  equation  which  underlies  all  chemical 

dynamics. 

1  Journ.  prakt.  Chem,  N.  F.  19,  69  (1879). 
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Iq  terms  of  the  principle  of  reversible  reactions  the  ConceptioD 
of  equilibriiuii  becomes  very  simple.  It  is  but  a  special  case  of 
dynamics,  where  the  two  opposite  reactions  have  equal  velocities— 
where  v  =  v,.     When  this  is  the  case,  — 


cpq  = 


•iP/li> 


and  this  is  the  fundamental  equation  of  chemical  equilibrium.   , 


CHEMICAL  DYNAMICS 

Telocity  of  Beactions.  —  We  have  seen  that  the  fundamental 
equation  for  the  velocity  of  a  reaction  is,  V==  u  —  nj  =  Cpq  —  Cjptqo 
the  actual  velocity  being  the  difference  between  the  velocities  of  the 
two  opposite  reactions.  The  study  of  the  velocity  of  reactions  is 
very  much  simplified  by  selecting  those  which  proceed  with  very 
great  velocity  iu  the  one  direction,  and  very  slowly  in  the  opposite 
direction.  In  such  cases  the  negative  member  of  the  above  equation 
disappears,  and  the  velocity  which  we  actually  measure  is  simply  the 
product  of  the  active  masses  of  the  substances  reacting  into  the 
coefficient  C. 

Uonomolecnlar,  or  First  Order  Reactions.  —  A  reaction  in  which 
only  one  substance  undergoes  change  in  concentration  (which  is  the 
same  as  to  say  whose  active  mass  changes)  ia  termed  a  monomoleailar 
reaction.  If  A  is  the  original  amount  of  such  a  substance  present, 
and  if  X  of  it  is  transformed  in  time  t,  the  velocity  of  tranaformatioo 
is,  from  the  law  of  mass  action,  — 

dx  is  the  small  amount  transformed  in  the  small  interval  of  time  d 
C,  the  velocity  coefficient,  is  a  constant.     Integrating,  we  have  — 

—  ln(A-x)=Ot+  «onst. 

At  the  beginning  of  the  reaction  t  —  0,  a;  =  0,  and  we  have-* 

—  \aA=  const., 

]\xA^in(A-x)  =  a, 

t      A-x 

Inversion  of  Cane  Sugar.  —  One  of  the  simplest  examples  of  a 
reaction  of  the  first  order,  or  a  monomolecular  reaction,  is  the  inver- 
sion of  cane  sugar  by  acids.     When  an  aqueous  solution  of  cane 
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sugar  is  treated  with  an  acid,  it  breaks  down  in  the  sense  of  the 
following  equation:  — 

C12H22OU  +  HjO  =  C8Hi20e  +  CeHi20«y 

(OlncoM)  (FractoM) 

a  molecule  of  cane  sugar  taking  up  a  molecule  of  water  and  breaking 
down  into  a  molecule  of  glucose  and  a  molecule  of  fructose.  The 
cane  sugar  is  the  only  substance  which  changes  concentration  to  an 
appreciable  extent,  since  the  water  which  is  used  up  in  the  reaction 
is  so  small  as  compared  with  the  total  water  present  as  solvent  that 
it  can  be  neglected. 

This  reaction  is  unusually  simple  to  study  since  cane  sugar  rotates 
the  plane  of  polarization  to  the  right,  while  the  products  of  inver- 
sion rotate  the  plane  of  polarization  to  the  left.  By  measuring  the 
amount  of  rotation  by  means  of  a  polarimeter,  we  can  tell  at  any 
moment  how  much  of  the  sugar  has  been  inverted  without  interfer- 
ing with  the  reaction.  Determining  x  in  this  manner,  observing  t, 
and  knowing  A  the  amount  of  sugar  with  which  we  started,  we  sub- 

1        A 

stitute  these  values  in  -  In—; =  const.,  and  see  whether  a  constant 

t     A  —  x 

is  obtained,  as  t,  and,  consequently,  x,  vary.     The  following  are  a 

few  of  the  results  which  were  obtained :  — 


<XH  MnrimES 

1,      A 

t  nr  MiifUTBB 

1,       A 

16 

46 

106 

180 

0.001360 
0.001344 
0.001371 
0.001378 

240 
330 
610 
630 

0.001390 
0.001466 
0.001463 
0.001386 

In  actual  practice  it  is  more  convenient  to  use  the  Briggsian 
logarithms.     This  is,  of  course,  0.4343  times  the  natural. 

It  should  be  mentioned  that  the  above  equation  for  the  velocity 
of  inversion  of  cane  sugar  was  deduced  and  tested  experimentally 
by  Wilhelmy,  before  the  law  of  mass  action  was  developed.  The 
deduction  was  based  on  the  assumption  that  the  amount  of  sugar 
inverted  in  unit  time  is  proportional  to  the  amount  of  unaltered 
sugar  present  at  that  time. 

The  above  equation  has  been  tested  for  a  number  of  monomolec- 
ular  reactions,  such  as  the  decomposition  of  arsene  into  arsenic  and 
hydrogen^  the  formation  of  hydrochloric  acid  and  oxygen  from 
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chlorine  water,  the  reduction  of  potassium  permanganate  by  a  large 

excess  of  oxalic  acid,'  etc. 

CatalyBis.  —  In  order  that  the  mversion  of  cane  sugar  should 
take  place  with  any  considerable  velocity,  it  is  necessary  that  an 
acid  should  be  present,  yet  the  acid  does  not  enter  as  such  into  the 
reaction.  Such  reactions  are  known  as  catahjtie,  and  the  substance 
whose  presence  is  necessary  to  effect  the  reaction  is  called  the  cala- 
b/zer.  The  more  concentrated  the  acid  the  more  rapid  the  inversion, 
but  the  velocity  is  not  exactly  proportional  to  the  concentration. 
The  strong  acids  invert  much  more  rapidly  than  the  weak.  The 
presence  of  a  neutral  salt  increases  the  velocity  of  inversion  pro- 
duced by  the  strong  acids,  and  diminishes'  the  velocity  of  inversion 
of  the  weak  acids. 

Since  the  presence  of  an  acid  is  necessary  to  produce  any  appre- 
ciable inversion  of  cane  sugar,  and  since  all  acids  effect  the  inversion, 
we  would  suspect  that  the  catalyzer  in  this  case  was  a  constituent 
common  to  all  acids,  and  such  is  the  fact.  The  hydrogen  ions  are  the 
catalyzers,  and  the  velocity  of  inversion  is  approximately  propor- 
tional to  the  concentration  of  the  hydrogen  ions  present.  This  is 
the  same  as  to  say  that  the  catalytic  action  of  different  acids  is 
proportional  to  their  strengths,  since  the  strength  of  an  acid  is  pro- 
portional to  the  amount  of  its  dissociation.  Experiment  has  shown 
that  the  velocity  of  inversion  is  roughly  proportional  to  the  strengths 
of  the  acids  used. 

It  is  not  surprising  that  there  is  not  exact  projxirlionality,  since 
many  influences  may  come  into  play  which  affect  the  catalytic  action 
of  the  hydrogen  ions.'  We  have  already  seen  the  influence  exerted 
by  a  neutral  salt,  and  other  jnolecules  and  especially  ions  may  exert 
a  marked  influence  on  the  catalysis. 

Notwithstanding  all  of  these  influences,  it  has  been  shown  by 
Trevor*  that  the  inversion  of  cane  sugar  is  a  very  sensitive  means 
of  detecting  the  presence  of  hydrogen  ions. 

We  can  see  from  the  above  example  what  is  meant  by  catalysis. 
In  order  that  a  substance  should  act  as  a  catalyzer  two  conditions 
must  be  fulfilled.  It  must  not  enter  into  the  reaction,  and  a  very 
small  quantity  of  the  catalyzer  must  be  able  to  transform  a  dispro- 
portionately large  quantity  of  the  substance.  From  this  it  seems 
very  probable  that  the  action  of  catalyzers  is  a  surface  action,  and 


I  HBrcourt  and  Essen  :  Phil.  Trans.  1868,  11)3. 

*  Journ. prakt,  Chem.  [2J.  SS,  32  (1886). 

'  Arrhenlus;  ZlscAr.  phya.  Chem.  4,  230  (18S9). 

•  ZUchr.phni.  Chem.  10.  821  (1882). 
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that  all  the  phenomena  of  catalysis  are  very  closely  connected  with 
surface  energy.  At  present  we  are  not  able  to  analyze  the  phenom- 
ena of  catalysis,  or  to  explain  in  any  detail  the  action  of  a  catalyzer. 
Other  Catalytic  Action  of  Hydrogen  Ions.  —  If  an  ester  such  as 
methyl  acetate  is  mixed  with  water,  the  following  reaction  takes 
place : — 

CH3COOCH3  -f  H2O  =  CHjCOOH  -f  CH4O. 

If  there  is  a  large  amount  of  water  present,  the  reaction  proceeds 
practically  to  the  end,  nearly  all  of  the  ester  being  decomposed ;  but 
the  reaction  proceeds  very  slowly  in  the  presence  of  water  alone. 

If,  however,  an  acid  is  added,  the  velocity  of  the  reaction  is 
increased;  and  if  the  acid  is  strong,  the  velocity  is  very  greatly 
accelerated.  The  velocity  of  this  reaction  is  determined  by  remov- 
ing a  measured  volume  from  the  solution  from  time  to  time,  and  titrat- 
ing the  acetic  acid  set  free  during  the  reaction. 

A  large  number  of  such  reactions  were  studied  by  Ostwald,^  who 

1           A 
showed  that  -  log  — is  a  constant.    This  proves  that  the  reaction 

t  A  —  x 
is  monomolecular,  t.e.  that  during  the  reaction  only  one  substance 
changes  concentration.  Therefore,  since  the  hydrogen  ions  of  the 
acid  do  not  enter  into  the  reaction,  and  since  a  comparatively  small 
quantity  of  ions  can  effect  the  decomposition  of  a  large  amount  of 
ester,  they  act  catalytically. 

Catalytic  Action  of  finely  Divided  Metals.  —  A  number  of  inter- 
esting experiments  have  been  recently  carried  out  by  Bredig,  with  the 
cooperation  of  Von  Berneck,*  Ikeda,®  and  Reinders.*  These  authors 
have  studied  the  catalytic  action  of  finely  divided  metals,  and  have 
pointed  out  certain  analogies  between  them  and  organic  ferments. 

The  metals  were  obtained  in  a  finely  divided  state  in  water  by 
bringing  two  bars  of  the  metal  close  together  under  water  and  pass- 
ing an  electric  current  between  the  bars  under  the  water.  (See 
p.  252.)  The  metal  was  torn  off  in  such  a  fine  state  of  division  that 
the  solution  appeared  to  be  perfectly  homogeneous  when  examined 
under  a  powerful  microscope.  Such  a  solution  was  shown  not  to  be 
a  true  solution,  since  neither  the  freezing-point  nor  vapor-tension 
of  the  solvent  was  lowered.  This  belongs  then  to  the  class  of 
solutions  known  as  colloidal. 

By  this  method  solutions  of  platinum,  iridium,  gold,  silver,  cad- 
mium, etc.,  were  prepared. 

1  Joutn,  prakt,  Chem.  28,  449  (1883).  «  Ibid.  87,  1  (1901). 

«  Ztschr.  phys.  Chem,  81,  268  (1899).  *  Ibid.  87,  323  (1901). 
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Such  solutions  of  the  metals  act  cataJytically,  effecting  a  Dumber 
of  reactions  similar  to  those  brought  about  by  orgauic  fermeDts. 
The  authors  showed  that  those  reactions  are  truly  catalytic,  by 
demonstrating  that  they  are  reactions  of  the  first  order.  The  reac- 
tion which  they  studied  in  detail  was  the  decom position  of  hydrc^^en 
dioxide  by  a  colloidal  solution  of  platinum.  They  studied  the  velocity 
of  the  decomposition  and  found  that  -  log  — was  a  constant, 

and  therefore  the  reaction  was  of  the  first  order.  It  is  known  that 
organic  ferments  act  catalytically. 

The  most  striking  analogy,  however,  between  the  action  of  tliese 
colloidal  solutions  of  the  metals  and  organic  ferments  is  found  in 
their  behavior  in  the  presence  of  certain  poisons.  It  is  well  known 
that  mere  traces  of  certain  substances  are  sufhcient  to  prevent  the 
action  of  organic  ferments ;  these  ferments  are  iKiisoned,  as  we  say. 

Bredig  and  his  pupils '  have  shown  that  the  merest  trace  of  certain 
substances  is  sufficient  to  greatly  diminish  the  catalytic  action  of  the 
platinum,  and  in  some  cases  to  destroy  it  entirely.  Thus,  a  gram- 
molecular  weight  of  hydrogen  sulphide  in  ten  million  litres  of  water 
greatly  diminishes  the  action  of  the  colloidal  solution  of  the  metal. 
And  the  same  efEect  is  produced  by  a  gram-molecular  weight  of 
hydrocyanic  acid  in  twenty  million  litres  of  water,  and  by  a  number 
of  other  substances  in  very  small  quantity. 

Bredig  and  Reinders '  have  made  an  elaborate  study  of  the  action 
of  "  poisons  "  on  the  colloidal  solution  of  platinum,  and  have  found, 
in  general,  that  those  substances  which  are  most  poisonous  to  the 
organic  enzymes  are  most  "  poisonous  "  to  the  metal.  Some  excep- 
tions were,  however,  pointed  out;  but  no  one  can  examine  the  results 
obtained  without  being  impressed  by  the  large  number  of  agreements. 

Bredig  is,  however,  careful  to  point  out  in  his  recent  pamphlet 
on  this  subject,  that  the  analogy  which  they  have  discovered  is  only 
an  analogy.  He  does  not  think  that  there  is  any  identity  between 
the  action  of  the  two  classes  of  substances,  which  are  themselves  so 
different.  To  quote  his  own  words :  "  All  these  facts  point  to  an 
unmistakable  analogy  between  the  contact  actions  in  the  inorganic 
4vorld  and  the  actions  of  ferments  in  the  organic  world.  As  in  the 
oase  of  my  colloidal  catalyzers,  we  are  dealing  with  reactions  in  which 
enormously  developed  surfaces  are  involved,  so  is  it  probable  that 
tlie  same  condition  obtains  in  the  actions  of  ferments,  enzymes,  blood 


>  ZfsrJir.  pLyn.  Clii-m.  87.  1  (IWl)  ;  38.  122  (1901). 
*  I  bill.  87,  323(HW1). 
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corpuscles,  and  oxidizing  and  catalyzing  organic  substances.  We  see, 
therefore,  that  the  organism  develops  its  enormous  surfaces  in  the 
tissues  and  colloidal  ferments  not  only  because  it  requires  osmotic 
processes,  but  on  account  of  the  very  great  catalytic  activity  of  such 
surfaces.  If,  as  Boltzmann  says,  the  war  for  existence  which  living 
matter  must  wage  is  a  war  about  free  energy,  certainly  of  all  the 
forms  of  free  energy  the  free  energy  of  surface  is  the  most  important 
for  the  organism. 

"In  conclusion,  I  need  scarcely  state  that  I  do  not  maintain 
that  there  is  any  mysterious  identity  between  the  metals  and  the 
enzymes.  But,  without  exaggerating  the  overwhelmingly  large  num- 
ber of  analogies,  we  are  compelled  to  regard  the  colloidal  solutions 
of  the  metals,  in  many  relations  at  least,  as  inorganic  models  of  the 
organic  enzymes,'^ 

It  seems  that  this  work  may  prove  to  be  very  important  as  throw- 
ing some  light  on  the  nature  of  enzyme  action.  The  enzymes  are 
very  complex  organic  substances,  while  the  colloidal  solutions  of  the 
metals  are  as  simple  as  any  substances  known  to  the  chemist.  If 
the  latter  effect  reactions  analogous  to  the  former,  by  studying  the 
reactions  with  the  simple  elements  the  problem  is  certainly  very 
much  simplified. 

Other  Monomolecnlar  Beactions.  —  A  number  of  other  monomo- 
lecular  reactions  have  been  studied,  but  nothing  essentially  new  has 
been  brought  out  in  connection  with  them.  We  should  mention  the 
work  of  Van't  Hoff^  on  the  transformation  of  the  dibromsuccinic 
acid  formed  from  f umaric  acid  and  bromine  by  boiling  with  water, 
into  brommale'i'c  acid  and  hydrobromic  acid,  in  the  sense  of  the  fol- 
lowing equation :  — 

C4H404Br,  =  C4H304Br  +  HBr. 

Also  the  transformation  of  monochloracetic  acid  into  glycolic  acid 
and  hydrochloric  acid :  — 

CHjCl .  COOH  +  HjO  =  CH2OH .  COOH  +  HCl. 

Both  of  these  reactions  were  shown  to  be  monomolecnlar,  the 
expression  -  log  — coming  out  a  satisfactory  constant. 

Bimolecnlar,  or  Second  Order  Reactions. — The  equation  developed 
above  holds  where  only  one  substance  is  undergoing  change  in  con- 

1  JStudes  de  dynamique  Chimique,  pp.  13  and  113.  Amsterdam,  1884.  Ger- 
man enlarged  edition  (Cohen),  1896. 
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ceatration.  It  frequently  happens,  however,  that  the  active  mass  of 
more  than  one  substance  changes  as  the  reaction  proceeds.  Where 
there  is  a  change  in  uouceutration  of  two  substances  we  have  a  bimo- 
lecular  reaction,  or  a  reaction  of  the  second  order. 

Let  ua  represent  the  active  mass  of  one  substance  by  A,  and  of 
the  other  substance  by  B,  and  by  x  the  jwrtion  transformed  in  timo 
t,  we  would  have  from  the  law  of  mass  action :  — 


dx 


C(A-x){B-x). 


It  is  more  convenient  to  take  the  two  substances  not  in  equal 
weights,  but  in  gram-equivalent  weights.  When  such  equimolecular 
quantities  are  used  A  =  B,  and  the  above  equation  becomes  — 


Integrating, 


-  =  Cl  +  const 


At  the  beginning  t  =^  0  and  a;  =  0,  and  calculating  the  constant 
we  have,  const.  =  —  ■     Substituting  this  in  the  above  equation,  — 


tA{A-x) 
The  constant  is  more  frequently  expressed  thus :  ■ 


Saponification  of  an  Eater.  —  A  simple  example  of  a  reaction  of 
the  second  order  is  the  saponification  of  an  ester  by  an  alkali,  or 
more  accurately  expressed  by  the  hydroxyl  ions  of  the  alkali.  The 
following  well-kuown  reaction  expresses  what  takes  place  chemi- 
cally :  — 

CH,COOCjHi  +  Ka  +  OH  =  CH,COO  +  Na  +  C,HjOH. 

Since  sodium  remains  in  the  ionic  condition  after  the  reaction, 
and  since  any  substance  which  yields  hydroxyl  ions  will  effect  the 
reaction,  the  equation  ia  better  expressed  thus:  — 

CH,COOCi,Hj  +  OH  =  0H/;00  +  C,H.OH. 
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This  reaction  was  studied  to  test  the  law  of  mass  action  first  by 
Warder/  and  later  by  Reicher,*  Van't  Hoff,'  Arrhenius,*  Ostwald,* 
and  Spohr.* 

Warder  determined  the  amount  of  ester  saponified  by  deter- 
mining by  titration  the  amount  of  base  used  up  by  the  acid  which 
was  set  free  from  the  ester.  ThQ  values  obtained  for  diflFerent  inter- 
vals of  time  were  very  nearly  constant,  as  the  following  results  will 

show :  — 

1  .     g 

I XH  Mnrims  t  '  A  —to 

6 0.113 

26 0.108 

66 0.108 

120      ... 0.113 

Effect  of  the  Nature  of  the  Ester  and  of  the  Base  on  the  Velooity 
of  Saponification.  —  The  effect  of  the  nature  of  the  ester  on  the 
velocity  of  saponification  by  a  given  base  was  studied  by  Reicher, 
who  found  that  the  more  complex  the  ester  the  slower  it  is  saponi- 
fied. He  then  studied  the  velocity  of  saponification  of  a  given  ester 
by  different  bases,  and  found  that  potassium  and  sodium  hydroxides 
saponify  most  rapidly ;  barium,  calcium,  and  strontium  hydroxides 
somewhat  slower ;  while  ammonia  is  scarcely  capable  of  saponifying 
an  ester  at  all.  Ostwald  studied  the  cas^  of  ammonia,  and  found  that 
the  ammonium  salt  formed  greatly  diminished  the  velocity  of  the 
reaction.  The  same  fact  was  verified  by  Arrhenius,  who  showed 
also  that  the  velocity  of  the  saponification  as  effected  by  strong  bases 
was  only  slightly  changed  by  the  presence  of  a  salt  of  that  base. 
These  facts,  as  we  shall  now  see,  are  just  what  we  would  expect  from 
the  theory  of  electrolytic  dissociation  as  applied  to  these  phenomena. 

Effect  of  the  Dissociation  of  the  Base.  —  Since  the  saponification 
of  an  ester  is  due  to  hydroxyl  ions,  it  follows  from  the  law  of  mass 
action  that  the  velocity  of  saponification  would  be  determined  by 
the  number  of  hydroxyl  ions  present ;  that  is  to  say,  by  the  amount 
of  dissociation  of  the  base.  This  explains  why  the  most  strongly 
dissociated  alkalies,  such  as  potassium  and  sodium  hydroxides,  sa- 
ponify an  ester  with  the  greatest  velocity.  If  the  base  is  not  com- 
pletely dissociated,  as  is  always  the  case  except  in  very  dilute  solutions, 
the  amount  of  the  dissociation  must  be  taken  into  account  in  order 

1  Ber,  d.  chem.  QeselL  14,  1361  (1881).  Also  Amer.  Chem,  Journ.  8,  340 
(1882). 

«  Lieb.  Ann.  228,  257  (1886).  »  Journ.  prakt.  Chem.  86,  112  (1887). 

«  Eludes  de  Dynamique  Chimique.       •  Ztschr.  phys,  Chem.  2,  104  (1888). 
*  Ztschr.  phys.  Chem.  1,  110  (1887). 
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that  the  active  mass  of  the  base  may  be  known,  the  active  mass  of 
the  base  being  only  the  dissociated  portion.  If  we  represent  the 
percentage  of  dissociation  of  the  base  by  a,  this  factor  must  be 
introduced  into  the  above  equation  for  a  second  order  reaction,  which 
then  becomes  — 

We  can  now  see  why  the  presence  of  a  neutral  salt  has  but  little 
influence  on  the  saponifying  power  of  a  strong  base,  but  has  such  a 
marked  influence  on  the  action  of  a  weak  base.  If  the  base  is  strong, 
it  is  dissociated  to  just  about  the  same  extent  as  its  salts.  Conse- 
quently, when  the  base  forms  a  salt  with  the  at'id  of  the  ester,  the 
salt  does  not  yield  any  larger  number  of  the  common  cations  than 
were  present  originally  from  the  dissociating  base.  There  being  no 
appreciable  increase  in  the  number  of  the  ions  common  to  both  base 
and  salt,  the  formation  of  the  salt  does  not  drive  back  the  dissociar 
tion  of  the  base  and,  consequently,  does  not  diminish,  its  action. 

If,  on  the  contrary,  the  base  is  weak,  as  in  the  case  of  ammonia, 
it  ia  only  slightly  dissociated.  A  salt  of  ammonia  is,  however,  very 
strongly  dissociated.  As  the  ammonium  combines  with  the  acid  of 
the  ester,  forming  an  ammonium  salt  which  is  strongly  dissociated, 
the  number  of  ammonium  iona  present  increases  very  rapidly.  We 
know  that  the  presence  of  an  excess  of  either  product  of  dissociation 
drives  back  or  diminishes  the  dissociation  of  the  original  substance. 
The  increase  in  the  number  of  ammonium  ions  present  dlmiuishea  the 
dissociation  of  the  ammonium  hydroxide,  which  yields  a  common  ion, 
and,  consequently,  diminishes  the  velocity  with  which  it  will  saponify 
an  ester.  This  agrees  with  the  fact  that  the  velocity  of  saponifica^ 
tion  of  an  ester  by  ammonia  decreases  much  more  rapidly  than  can 
be  accounted  for  by  the  diminution  in  the  quantity  of  ammonia 
present.     Facts  and  theory  are  thus  qualitatively  in  perfect  accord. 

Arrhenius  '  has,  indeed,  gone  farther,  and  shown  that  there  is 
a  quantitative  agreement.  Erom  the  saponification  constants  of 
potassium  hydroxide  he  hi^  been  able  to  calculate  those  of  ammo- 
nia in  the  presence  of  given  quantities  of  ammonium  salts, 

ActioiL  of  Acids  on  Acetamide,  —  Anotlier  typical  second  order 
reaction  is  the  action  of  acids  on  acetamide.  This  has  been  studied 
by  Oatwald.*    The  reaction  is  expressed  by  the  following  equation :  — 


CH,CONH,  +  CI  +  H  -t-  H,0  =  NH,  +  CI  +  CH,CO,H. 

1  ZiifiAr. phv-  Chrm.  8,  284  {188S). 
^  J»urit.  pr<ikl.  Chfm.  87,  1  (1683). 


1 


CHEMICAL  DYNAMICS  AND  EQUILIBRIUM  468 

There  are  only  two  substances  which  undergo  change  in  concen- 
tration, — the  amide  and  the  hydrogen  ions.  The  water  which  is  used 
up  is  so  small  in  comparison  with  the  total  amount  of  water  present 
that  it  can  be  neglected.  A  few  results  obtained  by  Ostwald  with 
trichloracetic  acid  show  a  good  constant  for  a  second  order  reaction. 

1  T 

t  IB  TllIK  IN  MlMUTU  7    *    A  -  X 

15 0.0088 

60 0.0088 

120 0.0089 

180 0.0090 

240 0.0090 

Second  Order  Eeactions  where  the  Masses  are  not  Equivalent.  — 

It  is  not  always  desirable  or  even  possible  to  use  the  masses  of  the 
two  substances  in  equivalent  quantities.  In  such  cases  the  equation 
deduced  from  the  law  of  mass  action  is  more  complex,  but  can  be 
readily  integrated.  Thus,  if  the  two  substances  A  and  B  are  not  in 
equivalent  quantities,  — 

I  =  C{A  -X)  {B  -  X). 
Integrating  and  making  t  =  0  and  a;  =  0,  we  have  — 

A(B-x)      ^  ^  (A-  B)t      {B-x)A 

We  would  not  be  justified  in  concluding  that  this  equation  holds 
because  the  equation  for  the  two  substances  in  equivalent  quantities 
agrees  with  the  facts.  Reicher  ^  tested  the  above  equation  by  study- 
ing the  reaction  between  ethyl  acetate  and  sodium  hydroxide,  using 
different  quantities  of  the  two  substances.  A  few  of  his  results  will 
show  how  satisfactorily  the  equation  is  verified.  In  the  first  table  a 
large  excess  of  sodium  hydroxide  was  used ;  in  the  second  table  a 
smaller  excess  of  the  hydroxide,  and  in  the  third  an  excess  of  ester 
was  employed. 

/hTimk  in  Mnfcm  Constant 

874  0.0347 

628  0.0348 

1359  0.0344 

393  0.0335 

669  0.0342 
1265                         0.0346 

342  0.0346 

670  0.0347 
1108  0.0344 

1  Lieb.  Ann.  828,  257  (1885). 
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A  good  coDStant  is  not  only  obtained  in  every  series,  but  we  hare 
practically  the  same  constant  in  all  three  series,  which  verifies  the 
above  formula  iu  an  entirely  satiafactoiy  manner, 

Trimolecular,  or  Third  Order  Eeactioni.  — Just  as  we  may  have 
two  substances  entering  iuto  a  reaction,  and  their  active  masses  con- 
sequently changing  as  the  reaction  proceeds,  so  we  may  have  three 
substances  taking  part  in  the  reaction.  Applying  the  law  of  mass 
action  to  a  third  order  reactioUj  we  would  have  — 

where  A,  B,  and  D  represent  the  masses  of  the  three  substances  in 
question. 

In  such  caaea  it  is  much  simpler  to  take  all  three  substauces 
equivalent  quantities :  A  =  B  =  D.     Then, — 


Integrating,  making  t 


=0,  3;=0,  we  have  — 
^^\    x(2A  -  X) 


I 


(  2A\A-x)'' 

If  A,  B,  and  D  are  not  taken  in  equivalent  quantities,  the  equa- 
tions become  very  much  more  complex.^ 

The  number  of  third  order  reactions  knovrn  is  small,  and  very  few 
have  been  studied  quantitatively  from  the  standpoint  of  the  law  of 
mass  action.  A  third  order  reaction  in  which  three  substanees  un- 
dergo change  in  concentration  was  studied  by  Noyes  and  Wason.* 
The  reaction  is  between  potassium  chlorate,  ferrous  sulphate  and  sul- 
phuric acid,  and  is  expressed  by  the  following  equation :  — 

6  FeSO,  +  KClOj  +  3  H,SO,  =  3  Fe,(SO.),  +  KCl  -f-  3  H,0. 
This  reaction  was  supposed  by  Hood,^  who  first  studied  it,  to  be  8 
second  order  reaction,  hut  was  shown  by  Noyes  and  Waaon  to  be  a 
reaction  of  the  third  order.  They  varied  the  concentrations  of  the 
different  substances  and  determined  the  value  of  the  constant  under 
very  vridely  different  conditions.  Although  the  values  found  differ 
as  much  as  20  per  cent,  yet  they  unmistakably  verify  the  above  equa- 
tion for  a  third  order  reaction. 

Another  third  order  reaction  was  st\idied  by  Noyes,*  in  which 


I  Fiihrmann  :  Ztsrhr.  phy*.  Chem,  4,  88  (188B), 

^  thid.  2S,  210  (1807). 

»  Phil.  Mag.  [6],  6,  371  (1878)  ;  i,  121  (1870)  ;  SO,  323  (1885). 

*ZUekr.  phys.  Chem.  16,  646  (1895). 
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only  two  substances  took  part.  The  reaction  is  between  ferric  chlo- 
ride and  stannous  chloride  — 

2  FeCl,  +  SnClj  =  2  FeCl,  +  SnCU- 

Although  there  are  only  two  substances,  there  are  three  molecules 
involved  in  the  reaction,  and  we  would  expect  it  to  be  a  reaction  of 
the  third  order. 

Noyes  studied  the  reaction,  using  the  varying  quantities  of  the 
two  substances,  and  found  fairly  satisfactory  constants  when  equiva- 
lents were  employed,  but  the  values  differed  very  considerably  when 
non-equivalents  were  used.  This  might  leave  some  doubt  as  to 
whether  this  is  a  true  reaction  of  the  third  order ;  but  in  addition 
to  the  fact  that  a  fairly  satisfactory  third  order  constant  was  generally 
obtained,  Noyes  points  out  another  argument  in  favor  of  this  being 
a  true  third  order  reaction.  If  it  is  a  second  order  reaction,  a  definite 
excess  of  either  constituent  must  produce  the  same  effect ;  thus,  two 
equivalents  of  iron  on  one  of  tin  must  have  the  same  influence  as 
two  equivalents  of  tin  on  one  of  iron.  Noyes  found  that  such  is  not 
the  case,  an  excess  of  ferric  chloride  accelerating  the  reaction  to  a 
much  greater  extent  than  an  equivalent  of  stannous  chloride.  There 
can,  therefore,  be  little  doubt  that  this  is  a  true  third  order  reaction. 

Eeactions  which  are  apparently  Trimolecular. — In  the  last  reac- 
tion studied  only  two  substances  took  part,  and  yet  we  had  to  deal 
with  a  third  order  reaction.  The  difference  between  this  and  an 
ordinary  second  order  reaction  between  two  substances  is  that  two 
molecules  of  one  substance  react  with  one  molecule  of  the  other. 
We  might  suspect  from  this  that  wherever  two  molecules  of  one 
substance  react  with  one  molecule  of  another  substance,  we  have  a 
third  order  reaction.     Such,  however,  is  not  the  case. 

Take  the  action  of  a  univalent  base  on  the  ester  of  a  bivalent 
acid,  —  say  sodium  hydroxide  on  ethyl  succinate,  — 

CHjCOOCH,     NaOH  ^  CHjCOONa  .  2  n  H  OH 
CH2COOC2H,     NaOH     CHjCOONa  *    *      ' 

two  molecules  of  the  base  and  one  of  the  ester  being  involved. 
Knoblauch  ^  has  shown  that  this  is  not  a  trimolecular  reaction,  but 
is  probably  made  up  of  the  following  two  bimolecular  reactions :  — 

1  Ztschr.  phys,  Chem.  86,  96  (1898). 
2h 
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An  analogous  caae,  where  we  might  suppose  that  we  were  dealing 
with  a  trimolecuiar  reaction,  is  in  the  aaponitication  of  an  ester  of  a 
univalent  acid  by  means  of  a  bivalent  base,  —  say  ethyl  acetate  by 
calcium  hydroxide,  — 

2  CHjCOOCH,  +  Ca(OH),  =  (CH,CO,),Ca  -f  2  C^.OH. 

This  has  been  shown  by  Reicher'  to  be  a  bimolecular  reactSi 
just  aa  when  sodium  or  potassium  hydroxide  is  used.    The  saponi- 
fication is  effected  by  the  free  hydroxyl  ions,  and  it  does  not  effect 
the  order  of  the  reaction  whether  they  come  from  a  univalent  or  a 
bivalent  base. 

Beactiona  of  Higher  Order.  —  It  is  possible  to  deal  with  reactions 
of  much  higher  order  in  terms  of  the  law  of  mass  action.     Thi 
reaction  of  the  iith  order  would  be  formulated  aa  follows: 


C{A  -  x)(B  -  x)(D  -  x){E  -  x)  —  (n  -  x). 


us^ 


seme 


It  is,  liowever,  not  necessary  to  consider  such  cases,  since  there  is 
no  reaction  known  of  higher  order  than  the  third. 

We  frequently  express  chemical  reactions  as  taking  place  between 
many  more  than  tliree  molecules,  but  the  study  of  the  velocity  of 
reactions  in  terms  of  the  law  of  mass  action  has  taught  us  that  these 
reactions  are  not  as  complex  as  they  seem,  being  in  reality  made  up 
of  a  series  of  simpler  reactions.  As  an  example  take  the  decompo- 
sition of  arsene  by  heat.  Since  the  smallest  molecule  of  arsenic 
known  at  these  temperatures  is  Asj,  we  would  have  to  represent. 
reaction  thus :  — 

4AsH,  =  Aa,  +  6H„ 

which  would  make  it  a  fourth  order  reaction. 

The  fact  is,  -  In  — is  a  constant,  which  shows  that  it  ia  a  first 

order  reaction.   The  reaction  whose  velocity  is  measured  must  then  be, 

AsHj  =  As  +  3  H, 
and  subsequently  the  arsenic  atoms  must  combine  and  form  As,,  and 
the  hydrogen  atoms  form  H,,     Many  reactions  of  a  similar  character 
are  known,  the  order  being  much  lower  than  would  be  indicated  by 
the  usual  chemical  method  of  expressing  the  reaction! 

We  thus  see  how  the  study  of  the  velocity  of  reactions  has  thrown 
light  on  the  inner  mechanism  of  the  reactions  themselves,  and  has 
given  us  a  deeper  insight  into  what  actually  takes  plat^e  than  could 
have  possibly  been  obtained  by  any  purely  chemical  method. 
iL(e6.  Aon.  2SS,  257  (1885). 
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Other  Methods  of  Determining  the  Order  of  a  Eeaction. — The 

method  of  determining  the  order  of  a  reaction  thus  far  considered, 
consists  in  measuring  the  velocity  of  the  reaction  and  inserting  the 
results  into  the  equations  for  the  constant  as  obtained  from  the  first, 
second,  and  third  order  reactions.  If  the  values  obtained  when  the 
experimental  results  are  introduced  into  the  equation  for  a  first  order 
reaction  are  constant,  the  reaction  belongs  to  the  first  order.  If  a 
better  constant  is  obtained  when  the  results  are  introduced  into  the 
equation  for  a  second  order  reaction,  the  reaction  in  question  belongs 
to  this  order,  and  similarly  for  a  third  order  reaction. 

It,  however,  frequently  happens  that  none  of  these  equations 
give  a  satisfactory  constant,  and  by  the  above  method  it  would  be 
impossible  to  determine  to  which  order  the  reaction  belongs.  This 
is  due  to  the  fact  that  in  such  reactions  disturbing  influences,  such 
as  the  setting  up  of  side  reactions,  or  of  new  reactions  between  the 
products  of  the  original  reactions,  etc.,  come  into  play,  which  afifect 
the  velocity  coefficients  as  the  reaction  proceeds. 

Methods  for  determining  the  order  of  a  reaction,  which  largely 
exclude  these  influences,  have  been  devised. 

Hie  first  method  we  owe  to  Van't  Hoff.*  The  method  is  based 
on  the  effect  of  change  in  concentration  on  the  velocity  of  the  reac- 
tion, the  velocity  of  a  reaction  of  the  nth  order  being  proportional 
to  the  nth  power  of  the  concentration.  The  following  deduction 
is  given  by  Van't  Hoff,  changing  the  symbols  to  those  used  in  this 
volume :  — 

If  we  use  a  different  concentration, 

Consequently,  ^  .  ^  =  C/  :  Ci^- ; 

at        at 

.     fdCj  .  dCu\ 

"-     log  (C, :  Cn)  ' 

Van't  Hoff  applied  this  method  of  variable  volume  to  the  action 
of  bromine  on  fumaric  acid,  and  also  to  the  polymerization  of  cyanic 
acid.    The  results  for  the  first  reaction  are  as  follows :  — 

The  addition  of  bromine  to  an  aqueous  solution  of  fumaric  acid  giv- 
ing rise  to  dibromsuccinic  acid  is  accompanied  by  other  reactions, 

1  Etudes  de  dynamique  Chimique,  p.  87. 
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which  make  it  impossible  to  apply  directly  the  equations  for  a  first,  sec- 
ond, and  third  order  reaction,  and  determine  the  order  of  the  reaction. 
Van't  Hoff  applied  this  method  of  variable  volume  or  variable  con- 
centration in  a  satisfactory  manner.  The  experiments  were  c 
out  by  Reicher'  in  Van't  Hoffs  laboratory. 


The  value  — '  has  been  replaced  in  the  calculation  by  the  ratio 
of  the  differences  — z — '■ — 


Water  was  then  added,  increasing  the  dilution  ; 


n  was  then  calculated  and  shown  to  have  the  value  1.87.  The  value 
found  should  be  1  for  a  first  order,  2  for  a  second  order,  and  3  for  a 
third  order  reaction.  Since  disturbing  influences  must  have  some 
effect,  we  would  expect  the  value  found  to  differ  somewhat  from 
these  whole  numbers.  The  value  1.87  is  sufficiently  near  to  2  to 
justify  the  conclusion  that  the  reaction  belongs  to  the  second  order. 

The  second  method  of  obtaining  the  order  of  a  reaction,  where  dis- 
turbing influences  come  into  play,  is  based  upon  the  principle  discov- 
ered by  Ostwald  that  for  analogous  reactions  "the  amounts  of  time 
required  to  produce  a  definite  degree  of  decomposition  bear  constant 
relations  to  one  another,  and  are  equal  to  the  reciprocals  of  the  cor- 
responding relative  affinity  coefficients  " ;  in  a  word,  the  amounts  of 
time  required  are  inversely  as  the  velocity  factors. 

This  was  shown  by  Ostwald'  as  follows:  "The  general  form  ol 
the  equation  for  reaction  velocity  is, — 

whose  integral  is, 

a  =  *(z). 

"  If  we  let  B  have  the  same  value  in  a  series  of  comparable  expi 
ments,  <^(x)  has  a  constant  value,  therefore,  — 

CV,  =  Cit,  =  Ci(,  .  .  .  ,  OP  (7, :  Ci  :  (7,  .  .  .   =  ^  ;  ^  J. 

1  Studra  <i«  Dynamiqiit  Chimlque,  p.  B9, 
»  ZMhr.  phya.  CAem.  8,  127  (1888). 
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"  The  only  assumption  made  is  that  the  course  of  the  reaction  is 
affected,  in  all  cases,  in  a  like  manner  by  the  disturbing  influences 
and  side  reactions." 

Carrying  out  experiments  with  different  concentrations  and 
allowing  the  reactions  to  proceed  until  equal  fractions  of  the  sub- 
stance are  transformed,  as  Ostwald^  points  out,  if  the  reaction  be- 
longs to  the  first  order,  the  velocity  factors  and  also  the  amounts  of 
time  required  are  equal ;  if  it  is  a  second  order  reaction  the  velocity 
factors  are  proportional  to  the  concentrations,  and  the  amounts  of 
time  are  inversely  proportional  to  the  concentrations ;  if  we  are  deal- 
ing with  a  third  order  reaction,  the  velocity  factors  are  proportional 
to  the  square  of  the  concentrations,  and  the  amounts  of  time  in- 
versely as  the  square  of  the  concentrations. 

This  deduction  was  applied  to  experimental  results  by  Noyes,* 
who  studied  the  reaction  between  hydriodic  acid  and  hydrogen  di- 
oxide, also  that  between  hydriodic  acid  and  bromic  acid,  and  sev- 
eral other  cases.  He  found  in  general  that  the  reactions  were  of 
simpler  order  than  would  be  indicated  by  the  chemical  equations 
expressing  them. 

Influences  which  affect  the  Velocities  of  Eeactions.  —  The  veloci- 
ties of  reactions  are  considerably  affected  by  a  number  of  influences 
and  conditions,  some  of  which  will  be  considered. 

The  influence  of  temperature  on  the  velocity  of  reactions  is  usu- 
ally very  great.  An  increase  in  temperature  is  generally  accom- 
panied by  a  great  increase  in  the  velocity  of  the  reaction,  a  rise  in 
temperature  of  10®  frequently  doubling,  and  sometimes  tripling 
the  velocity  of  a  reaction.  The  effect  of  rise  in  temperature 
over  a  considerable  range  of  temperature  is  shown  by  an  example 
given  by  Van't  Hoff.'  The  following  reaction  with  dibromacetic 
acid  was  studied :  — 

C4H404Bra  =  C4H304Br  -f-  HBr. 

The  range  of  temperature  was  from  16°  to  101°,  or  86°,  and  at  the 
higher  temperature  the  velocity  was  more  than  three  thousand  times 
that  at  the  lower. 

The  study  of  the  effect  of  pressure  on  the  velocity  of  reactions 
has  led  to  interesting  results.  The  pressure  of  a  gas,  or  the  osmotic 
pressure  of  a  solution,  can  be  readily  dealt  with  from  the  standpoint 


1  Lehrb.  d.  Allg,  Chem.  II  [2],  236. 

«  Ztschr.  phys.  Chem.  18,  118  (1896)  ;  19,  599  (1896). 

*  Vorlemngen  Uher  Theoretische  und  Physikalische  Chemie,  I,  223. 


470 


THE  ELEMENTS  OF  PHYSICAL  CHEMISTRr 


of  thermodynamics,  and  tlie  coaclosions  readied  matfaematically' 
are,  that  first  order  reactions  are  independent  of  pressure,  second 
order  are  proportional  to  the  pressure,  while  third  order  are  propor- 
tional to  the  square  of  the  pressure. 

The  effect  of  pressure  on  only  a  few  reactions  has  been  studied 
experi  men  tali  y.  Kothmund*  found  that  the  velocity  with  which 
cane  sugar  was  inverted  by  hydrochloric  acid  was  diminished  only 
slightly  by  changes  in  pressure.  He  worked  at  pressures  from  one 
to  five  hundred  atmospheres,  and  found  that  at  the  latter  pressure 
the  velocity  was  about  five  per  cent  less  than  at  the  former.  Ront- 
gen '  also  found  that  pressure  diminished  the  velocity  with  which 
cane  sugar  is  inverted. 

Other'  first  ortler  reactions  have  been  studied  at  different  press- 
ures, with  the  result  that  increase  in  pressure  slightly  increased  the 
velocity  of  the  reaction,  but,  on  the  whole,  experiment  shows  that 
first  order  reactions  are  practically  independent  of  pressure. 

The  Jiature  of  the  medium  has  a  marked  influence  on  the  velocity 
of  reactions.  This  applies  especially  to  the  nature  of  the  solvent 
used.  The  experimental  work  of  Menschutkin^  shows  the  magni- 
tude of  this  influence.  He  studied  a  few  reactions  in  a  large  num- 
ber of  solvents,  and  in  each  case  measured  their  velocities.  A  few 
of  his  results  for  the  action  of  triethylamine  qn  ethyl  iodide,  in  Hit- 
ferent  solvents,  are  given.  The  reaction  proceeds  as  follows:  ^ 
(C,H.)5N  +  CjHJ  =  (CaH,)^I. 


. 

" 

I 

II 

Ueptano 

0.000235 

Methyl  alcohol 

0.M19 

Xylene 

0.O02B7 

Acetone 

0.0606 

Benzene 

0.00584 

a-brouanaphthol 

0.11S9 

Ctilcirb«Qzene 

0.0231 

0.12M 

Ethyl  alcohol 

0.0388 

Bensyl  alcohol 

0.1S30 

Allyl  alcohol 

0.O433 

Column  T  gives  the  solvent  used ;  II,  the  velocity  coefficient. 
The  velocity  of  the  reaction  in  benzyl  alcohol  is  about  seven 
hundred  and  forty  times  that  in  hexane. 

'  Van't  HoH!  Vorletungett  Uber  Tkeorelifhe  and  Fhsiilcaliachf  Chtmie, 
I,  235. 

'  Ztmhr.  phg3.  Chcm.  90. 168  (1806). 

'  tVted.  Ah».  4S.  »8  (1802). 

*  ZtKhr.  phyi.  Chtm.  1,  Gil  (IBST);  6,  41  (ISOO). 


CHEMICAL  DYNAMICS  AND  EQUILIBRIUM  471 

We  would  naturally  try  to  refer  the  different  velocities  in  the 
different  solvents  to  the  different  dissociation  powers  of  the  solvents ; 
it  is,  however,  impossible  to  account  for  the  above  facts  in  this  way. 
The  differences  between  the  velocities  in  the  different  solvents  are 
very  much  greater  than  the  differences  in  the  dissociating  powers  of 
the  same  solvents ;  and,  further,  the  solvents  do  not  always  stand  in 
the  same  order  with  respect  to  their  dissociating  power  and  the 
velocity  with  which  a  reaction  takes  place  in  their  presence.  Thus, 
the  formation  of  urea  from  ammonium  cyanate  takes  place  about 
thirty  times  as  rapidly  in  ethyl  alcohol  as  in  water,  and  the  disso- 
ciating power  of  water  is  from  three  to  four  times  ^  as  great  as  that 
of  ethyl  alcohol,  and  other  similar  examples  are  known. 

A  satisfactory  explanation  of  the  great  differences  in  the  veloci- 
ties in  different  solvents  has  not  yet  been  furnished. 

The  presence  of  certain /oretgm  substances  may  considerably  affect 
the  velocity  of  the  reaction.  Ostwald  *  determined  the  effect  of  the 
presence  of  neutral  salts  on  the  action  of  hydrochloric  and  nitric 
acids  on  calcium  and  zinc  oxalates.  He  found  that  the  velocity  of 
the  reaction  was  increased  by  the  presence  of  the  salt,  potassium 
having  the  gieatest  influence,  ammonium  and  sodium  less,  and  mag- 
nesium still  less.  On  the  other  hand,  Arrhenius  *  found  that  neutral 
salts  diminished  the  velocity  with  which  ethyl  acetate  was  saponi- 
fied by  bases,  sodium  salts  having  a  greater  influence  than  potassium, 
and  barium  still  greater  than  sodium.  However,  results  similar  to 
those  first  considered  were  obtained  by  Arrhenius  *  and  Spohr  *  from 
a  study  of  the  action  of  neutral  salts  on  the  velocity  with  which  cane 
sugar  is  inverted  by  acids.  The  neutral  salt  increased  the  velocity 
of  the  reaction. 

Under  the  head  with  which  we  are  now  dealing  attention  should 
be  called  again  to  the  effect  of  mere  traces  of  moisture^  on  the  velocity 
of  many  reactions.  Di'y  chlorine  is  without  action  on  many  of  the 
metals,  including  sodium,  as  Wanklyn  ^  has  shown,  and  Baker  ^  and 
Dixon  •  demonstrated  by  a  number  of  experiments  the  comparative 
inactivity  of  dry  oxygen.     That  dry  hydrochloric  acid  does  not  de- 

1  Jones:  Ztschr. pliys,  Chem,  81.  114  (1900). 

2  Journ.prakt,  Chem.  (N.F.),  28,  209  (1881). 
»  Ztschr,  phys,  Chem.  1,  110  (1887). 

*  Ibid.  4,  226  (1889).  »  Ibid,  2,  194  (1888). 

•  For  a  fuller  discussion  of  this  subject  see  Jones :  Theory  of  Electrolytic 
Dissociation,  pp.  163-170. 

7  Chem,  News,  90,  271  (1869).  »  Phil  Trans,  671  (1888). 

^  Ibid.  617  (1884). 
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compose  carbonates  was  shown  by  Huglies,'  who  also  d 
that  it  does  not  precipitate  silver  nitrate  dissolved  in  dry  ether  or 
benzene.  That  dry  hydrochloric  acid  gas  does  not  act  on  dry  am- 
monia gas  lias  been  conclusively  demonstrated  by  Baker,'  and  it 
has  even  been  sliown  on  the  lecture  table  that  dry  sulphuric  acid  is 
without  action  on  dry  metallic  sodium.' 

The  presence  of  moisture  is  necessary  in  order  that  the  above- 
mentioned  reactions  should  take  place  with  any  appreciable  velocity 
—  moisture  is  necessary  to  combination. 

On  the  other  hand,  a  case  has  been  found  where  moisture  effects 
decomposition.  If  ammonium  chloride  is  volatilized  under  ordinary 
conditions,  it  is  dissociated  by  heat  into  ammonia  and  hydrochloric 
acid.  If,  however,  the  ammonium  chloride  is  carefully  dried,  it 
volatilizes  without  undergoing  decomposition,  as  is  shown  by  the 
fact  that  under  these  conditions  its  vapor-density  is  normal.  In 
this  ease  water-vapor  seems  to  be  necessary  in  order  that  the  gases 
may  combine,  and  is  also  necessary  in  order  that  the  compound 
should  be  decomposed  by  heat.  That  the  presence  of  water  la 
necessary  to  effect  chemical  combination  is  doubtless  closely  con- 
nected with  its  ionizing  power;  but  it  is  not  a  simple  matter  to 
esplain  its  action  on  the  vapor  of  ammonium  chloride,  causing  it 
to  be  dissociated  by  heat. 

Two  other  conditions  must  be  considered  in  this  section,  viz. 
igHilioii  lemperaiare  and  ignitioii  pressure.  There  are  many  reactions 
known  which  take  place  with  an  appreciable  velocity  only  above 
a  certain  temperature.  Below  this  temperature  the  reaction  appar- 
ently does  not  take  place  at  all.  This  temperature,  at  which  the 
reaction  apparently  begins,  is  known  as  the  ignition  temperature. 
The  study  of  this  temperature  for  a  large  number  of  reactions  has 
been  made  possible  by  the  recent  methods  which  have  been  devised 
for  producing  low  temperatures,  especially  for  producing  liquid  air 
on  a  large  scale.  It  has  been  found  that  a  large  number  of  reactions, 
which  take  place  with  considerable  velocity,  do  not  proceed  with 
any  appreciable  velocity  at  these  very  low  temiieratures. 

A  careful  study  of  reactions  below  the  ignition  temperature  haa 
shown  that  this  is  not  a  point  at  which  the  reaction  begins,  but  that 
there  is  a  very  alow  reaction  below  this  point;  so  slow,  indeed,  that 
in  many  eases  it  cannot  be  observed  at  all.     In  other  cases,  however. 


»  Phil.  Mag.  34,  117  (1892). 

*JovTn.  Chan.  Sne.  BB,  All  C'SM);  78,  422  (1808), 
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it  can  be  observed,  as  in  the  action  of  phosphorus  on  oxygen.  Below 
40°,  which  is  usually  taken  as  the  ignition  temperature  of  oxygen 
and  phosphorus,  a  slow  oxidation*  of  the  phosphorus  takes  place, 
giving  rise  to  the  compound  PjO.  At  the  ignition  temperature  the 
reaction  becomes  strongly  exothermic,  giving  the  pentoxide  of  phos- 
phorus. We  should,  therefore,  regard  the  ignition  temperature  as 
that  at  which  any  given  reaction  acquires  an  appreciable  velocity. 

Just  as  there  is  a  temperature  at  which  many  reactions  appar- 
ently begin,  so  there  is  a  pressure  at  which  some  reactions  between 
gases  and  other  substances  apparently  commence  to  take  place. 
Temperature  and  pressure,  however,  act  in  opposite  senses,  increase 
in  temperature  increasing  the  velocity  of  the  reaction,  while  de- 
crease in  pressure  increases  the  velocity  of  the  reaction.  That 
pressure  at  which  a  reaction  begins  with  an  appreciable  velocity 
is  known  as  the  ignition  pressure,  and  at  lower  pressures  the  reac- 
tion proceeds  with  still  greater  velocity. 

Thus,  a  mixture  of  oxygen  with  phosphene  or  with  silicon 
hydride  explodes  on  expansion.^  Aldehyde*  is  not  oxidized  by 
oxygen  under  high  pressure,  and  the  ignition  temperature  of  a 
mixture  of  hydrogen  and  oxygen  is  lowered  from  620°  to  540°  by 
reducing  the  pressure  from  760  mm.  to  360  mm. 

Many  phenomena  similar  to  the  above  are  known. 

Principle  of  the  Coexistence  of  Eeactions. — We  have  dealt  with 
reactions  thus  far  as  if  they  occur  singly,  two  or  more  substances 
reacting  giving  products  which  take  no  part  in  the  reaction.  This 
has  been  done  for  the  sake  of  simplicity  and  clearness,  that  we 
might  learn  how  to  apply  the  law  of  mass  action  to  ideal  cases. 
In  fact,  most  reactions  are  much  more  complex,  several  reactions 
occurring  simultaneously.  The  question  arises  how  would  we 
apply  the  law  of  mass  action  to  these  more  complex  cases  ?  This 
becomes  a  simple  matter  after  we  are  familiar  with  the  fundamental 
principle  that,  every  reaction  proceeds  as  if  it  alone  were  present. 
This  applies  to  a  number  of  coexisting  reactions,  and  is  known  as 
the  principle  of  the  coexistence  of  reactions.  This  has  been  verified 
so  often  by  experiment  that  it  is  now  accepted  beyond  question. 

An  application  of  this  principle  to  a  simple  catalytic  reaction  of 
the  first  order  will  serve  to  make  it  clear.  Take  the  decomposition 
of  ethyl  acetate  by  water  in  the  presence  of  acids,  and  for  the  sake 


1  Besson  :  CompL  rend.  134,  763  (1897). 

«  Friedel  and  Ladenburg:  Ann.  Chim.  Phys,  [4],  88,  430  (1871). 
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• 
of  simplicity  use  acetic  acid.    Let  the  amount  of  acetic  acid  be 
represented  by  A^  and  the  amount  of  ethyl  acetate  by  B.    The 
velocity  of  the  reaction  would  be  — 

^  =  CA(B-x). 

During  the  reaction,  however,  a  certain  amount  x  of  acetic  acid  is 
set  free,  and  this  also  acts  catalyticaJly  on  the  ester  increasing  the 
velocity  of  the  reaction.  The  velocity  due  to  the  acetic  acid  set 
free  is  — 

From  the  principle  of  the  coexistence  of  reactions  the  true  veloc- 
ity of  the  reaction  is  the  sum  of  these  separate  velocities, — 

^  =  C{A  +  x){B-x). 
Integrating, 

If  the  acid  used  as  the  catalyzer  is  different  from  the  acid  of  the 
ester,  the  constants  are  of  course  different,  and  we  would  have  as 
the  sum  of  the  two  velocities,  — 

^  =  {OA+Cx)(B-x), 
whose  integral  is. 

Cases  similar  to  the  above  were  tested  by  Ostwald  ^  and  satisfac- 
tory constants  obtained.  If  we  understand  the  principle  of  the 
coexistence  of  reactions,  we  can  proceed  to  study  cases  where  a 
number  of  reactions  are  taking  place  simultaneously. 

Side  Beactions.  —  It  frequently  happens  that  the  substances 
which  are  brought  together  react  in  more  than  one  way,  giving  more 
than  one  set  of  products.  In  addition  to  the  principal  reaction,  we 
have  then  one  or  more  side  reactions  with  velocities  of  their  ovra. 
The  velocity  coefficient  which  we  measure  is  the  sum  of  the  coeffi- 
cients of  the  several  reactions. 

The  simplest  case  is  where  a  principal  reaction  of  the  first  order 
is  accompanied  by  one  side  reaction  of  the  same  order.     From  the 

1  Journ.  prakt,  Chem,  [2],  28,  449  (1883). 
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law  of  mass  action  and  the  principle  of  the  coexistence  of  reactions 
this  case  would  be  formulated  thus :  — 


Integrating, 


at 

Ci+Ci  =  iln.   ^ 


t     A  —  x 


The  velocity  constant  of  the  reaction  is  the  sum  of  C^  and  C^.  It 
is  possible  to  determine  the  separate  values  of  Q  and  C^  by  determin- 
ing the  amounts  of  the  products  of  each  reaction.    If  we  represent  the 

ratio  between  the  amounts  of  these  products  by  r,  -^  =  r.    From  this 
and  Q  4-  Ca  =  K,  we  can  calculate  Q  aad  C^.  * 

The  application  of  the  principle  of  coexistence  of  reactions  to  a 
second  order  reaction  is  as  follows.  Given  a  second  order  reaction 
with  one  side  reaction  also  of  the  second  order,  — 

^=^C,{A-x){B-x)  +  C2{A-x)(B^x) 

=  (Ci+Ci)(-4-a:)(5-ic). 
Integrating,  ^ 

C,+  Ci= I In^i^-^). 

'^    '     {A-B)t     A{B-x) 

From  this  the  application  of  the  principle  to  reactions  of  higher 
order  and  also  to  reactions  where  one  is  of  one  order  and  the  other 
of  a  different  order  is  obvious. 

Counter  Eeactions. — It  very  frequently  happens  that  substances 
react  and  give  rise  to  products  which  in  turn  react  with  one  another 
and  reform  the  original  substances.  In  such  cases  the  velocity 
measured  is  the  difference  between  the  velocities  of  the  two  opposite 
reactions.  From  the  principle  of  coexistence  and  the  law  of  mass 
action,  we  would  have  for  a  first  order  reaction,  — 

^  =  C,iA,-r)-C,(A,  +  x).  (1) 

cU 

For  a  second  order  reaction  we  would  have  — 

^  =  C,(A^x)(B^x)-C,{C+x){D-{-x),  (2) 

at 

If  C  and  D  at  the  outset  were  zero,  this  equation  would  become  — 

—  =  Ci(-4  -  a:)(J5-  «)  -  C^x^ 
dt 
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The  equation  (1)  for  the  first  order  reactions  was  tested  by  Henry,* 
who  studied  the  dehydration  of  y-oxybutyric  acid,  giving  the  lac- 
tone,— 

CHjOH .  CHj .  CH, .  COOH  =  CH^ .  CH^H,.  CO  +  HA 

I . — -o -i 


It  was  also  tested  by  Kilster,*  who  studied  the  transformation'4 
hexachlor-n-keto-^R-peutane  into  the  a-yisomere. 

Satisfactory  constants  were  obtained  aa  the  result  of  both  invea- 
tigatious. 

The  equation  for  a  second  order  reaction  was  tested  by  Knob- 
lauch.' He  studied  the  reaction  between  alcohol  and  acetic  acid, 
and  obtained  very  satisfactory  constants. 

Since  all  reactions  are  to  be  regarded  as  reciprocal,  every  reaction 
is  acGoinpaiiied  by  a  counter  reaction  of  greater  or  leas  magnitude. 
It,  however,  frequently  happens  that  the  velocity  in  the  one  direc- 
tion is  so  great  and  in  the  other  so  small  that  the  latter  can  be  dis- 
regarded. Where  the  counter  reaction  has  an  appreciable  velocity 
it  must  be  taken  into  account. 

Hore  Complex  Beactiona. — The  conditions  which  we  have  just  con- 
sidered are  more  comples  than  those  ■which  were  taken  up  at  first. 
But  there  are  still  moi-e  complex  cases.  We  may  not  only  have  two 
or  more  reactions  proceeding  in  the  same  or  in  opposite  directions, 
but  we  may  have  the  products  of  a  reaction  reacting  with  the  products 
of  another  reaction,  or  we  may  have  the  products  of  a  reaction  react- 
ing with  some  of  the  original  aubatanoea.  In  such  complex  cases  it 
is  obvious  that  all  the  variable  quantities  must  be  taken  into  account. 

The  detailed  study  of  such  cases  would  scarcely  be  profitable  in 
this  connection,  since  no  new  principle  is  brought  out  or  illustrated. 
If  we  understand  the  application  of  the  law  of  mass  action  and  the 
principle  of  the  coexistence  of  reactions  to  simpler  cases,  no  aerious 
difficulty  should  be  encountered  in  applying  them  to  more  complex 
reactions. 

Autocatalysla. — We  have  already  seen  that  certain  substances 
can  effect  chemical  reactions  without  taking  part  in  them,  and  are, 
therefore,  said  to  act  by  contact  or  catalytically.  Thus,  hydrogen 
ions  can  cause  the  inversion  of  cane  Bugar  in  the  presence  of  water. 
The  question  which  arises  is  whether  a  substance  may  not  act  cata- 
lytically on  itself,  causing  it  to  enter  into  reactions.  We  have  already 
seen  one  example  of  the  transformation  of  an  oxyacid  (y-oxy butyric) 

"  Ibid.  18.  161  (IBBG). . 
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into  a  lactone  with  the  loss  of  a  molecule  of  water.  This  reaction 
takes  place  with  much  greater  velocity  in  the  presence  of  an  acid, 
due  to  the  catalytic  action  of  the  hydrogen  ions.  But  these  oxy- 
acids,  like  all  other  acids,  are  themselves  partly  dissociated,  yielding, 
of  course,  hydrogen  ions.  If  the  hydrogen  ions  from  other  acids 
accelerate  the  velocity  of  this  reaction,  why  do  not  the  hydrogen 
ions  from  this  acid  itself  ?  This  has  been  tested  by  adding  to  this 
acid  one  of  its  neutral  salts,  which  drives  back  its  dissociation.  The 
result  is  that  under  these  conditions  the  reaction  takes  place  more 
slowly,  showing  that  the  hydrogen  ions  from  this  acid  acted  cata- 
lytically.     Such  actions  have  been  termed  autocatcdytic} 

Heterogeneous  Beactions. — The  reactions  with  which  we  have 
thus  far  had  to  deal  are  all  JiomogeneouSf  i.e.  every  substance  present 
is  in  the  same  state  of  aggregation  before  the  reaction,  and  all  the 
products  of  the  reaction  are  in  the  same  state  of  aggregation  as  the 
original  substances.  For  example,  the  substances  before  the  reac- 
tion are  all  liquid,  and  the  products  all  liquid,  or  the  substances  are 
all  in  solution  and  the  products  are  all  in  solution. 

We  know,  however,  a  large  number  of  chemical  reactions  where 
a  gas  is  formed  or  a  solid  is  formed,  and  other  reactions  where  a 
liquid  or  a  solution  acts  on  a  solid.  In  such  cases  the  substances  are 
in  different  states  of  aggregation,  and  such  reactions  are  termed 
Jieterogeneoits,  It  is  obvious  that  in  such  cases  where  there  is  a  sur- 
face separating  the  substances  which  are  in  different  states  of  aggre- 
gation, the  velocity  of  the  reaction  will  depend  upon  the  magnitude 
of  this  surface.  This  must  be  taken  into  account  in  dealing  with 
the  velocity  of  such  reactions.  We  shall  now  study  a  few  types  of 
heterogeneous  reactions  from  the  standpoint  of  the  law  of  mass 
action. 

Heterogeneous  Beaction  of  the  First  Order.  —  A  heterogeneous 
reaction  of  the  first  order  is  one  in  which  two  substances  in  different 
states  of  aggregation  react,  the  active  mass  of  one  of  them  changing 
as  the  reaction  proceeds,  while  the  active  mass  of  the  other,  or  the 
surface,  remains  constant.  Applying  the  law  of  mass  action  to  such 
a  case,  we  would  have  — 

I  =  CS(A  -  X), 

where  S  is  the  surface  exposed  to  the  liquid  or  solution,  A  the  origi- 
nal concentration  of  the  acid,  and  x  the  amount  used  up. 

1  Ostwald:  Bericht  Sachs.  Akad.  (1890),  189. 
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Integrating,  we  have- 


In- 


=  CSt. 


It  will  be  observed  that  this  equation  does  not  take  into  account 
the  effect  produced  by  the  presence  of  the  compound  formed,  and  in 
some  cases  this  inigbt  be  quite  considerable. 

This  equation  was  tested  by  Bognski,'  who  studied  the  action  of 
acids  on  Carrara  marble.  Plates  of  marble  of  known  surface  were 
dipped  into  acids  of  different  concentrations  and  kept  rapidly  in 
motion,  that  the  surface  might  not  become  covered  with  a  layer  of 
the  carbon  dioxide  set  free.  They  were  removed,  washed,  and  dried, 
and  the  loss  in  weight  determined. 

Better  constants  were,  however,  obtained  by  Spring,'  who  studied 
the  Iction  of  acids  on  Iceland  spar.  He  had  previously '  studied  the 
action  of  acids  on  marble,  but  finding  this  not  sufficiently  homi^ne- 
oiis,  he  chose  the  better  crystalline  form.  The  spar  was  tested  not 
only  in  its  crystal  planes,  but  in  two  otlier  directions,  the  one  paral- 
lel and  tbe  other  at  right  angles  to  the  principal  axis.  Although  the 
velocity  of  the  reaction  between  the  marble  and  the  acid  was  differ- 
ent in  different  directions,  it  was  the  same  in  any  given  direction. 
The  result  as  a  whole  was  that  fairly  good  constants  were  obtained ; 
indeed,  as  good  as  could  be  expected  under  the  conditions. 

An  analogous  case,  as  Ostwald'  points  out,  is  the  solution  of 
solids  in  liquids,  and  the  separation  of  solids  from  supersaturated 
solutions.  Take  the  first  case :  The  velocity  with  which  the  solid 
dissolves  depends  upon  the  magnitude  of  the  surface  of  contact  be- 
tween the  solvent  and  the  solid,  and,  of  course,  decreases  as  the  satu- 
ration point  is  reached.  We  thus  see,  in  terms  of  chemical  dynamics, 
why  it  is  desirable  to  have  as  large  a  surface  as  possible  of  the  solid 
opposed  to  the  liquid.  We  know  in  fact  that  to  completely  saturate 
a  solution,  a  large  amount  of  tbe  very  finely  powdered  solid  should 
be  added  after  the  saturation  point  is  nearly  reached. 

If  the  solution  is  supersaturated,  it  can  best  be  brought  to  the 
saturation  point  by  adding  a  large  amount  of  tbe  finely  powdered 
solid,  as  this  reaction  also  is  one  where  surface  comes  into  play. 

Since  the  velocity  with  which  these  processes  take  place  dimin- 
ishes rapidly  as  the  saturation  jwint  is  approached,  we  see  why  such 
a  long  time  is  requii'ed  to  completely  saturate  a  solution,  whether 


'  Ber.  d.  rhem.  Gestll.  9.  1840  (1870)  ;  10,  34  (18771. 
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we  proceed  from  the  side  of  the  pure  solvent  or  from  that  of  the 
supersaturated  solution. 

If,  during  reactions  like  the  above,  or  like  the  solution  of  metals 
in  acids,  etc.,  the  surface  undergoes  appreciable  change,  this  must 
be  taken  into  account.  The  way  in  which  this  would  be  done  would, 
of  course,  depend  upon  the  form  of  the  surface.  Since  the  active 
mass  of  a  solid  depends  upon  its  surface,  it  is  only  necessary  to 
know  the  surface  before  the  reaction  began,  and  the  surface  after  the 
reaction  had  taken  place,  and,  consequently,  the  change  in  surface, 
in  order  to  calculate  the  velocity  of  the  reaction. 

Heterogeneous  Beaction  of  the  Second  Order.  —  There  are  many 
reactions  between  two  homogeneous  substances,  which  give  rise  to 
products  of  a  different  state  of  aggregation.  The  precipitation  of 
one  substance  by  another  in  inorganic  chemistry  furnishes  examples. 
Indeed,  qualitative  and  quantitative  analyses  are  based  upon  this 
fact.  It  is,  however,  difficult,  not  to  say  impossible,  to  measure  the 
velocity  with  which  such  reactions  take  place,  because  it  is  so  great. 
That  such  reactions  take  place  with  a  finite  velocity  is  quite  certain, 
and  it  seems  probable  that  methods  may  be  devised  for  measuring 
these  very  great  velocities  in  the  future. 

A  reaction  between  two  solutions  giving  a  solid,  with  a  velocity 
which  can  be  measured,  is  the  following :  — 

Na,S  A  -I-  2  HCl  =  2  NaCl  +  H,0  +  SO,  +  S. 

Such  a  reaction  has  been  studied  by  Foussereau.* 

Summary.  —  After  a  discussion  of  the  law  of  mass  action  as  for- 
mulated by  Guldberg  and  Waage,  it  was  applied  to  first  order,  second 
order,  and  third  order  homogeneous  reactions.  By  means  of  this 
law  it  was  shown  to  be  possible  to  determine  the  number  of  mole- 
cules which  take  part  in  a  given  reaction,  and  many  of  the  results 
obtained  pointed  to  the  fact  that  many  of  our  chemical  equations 
are  in  error,  the  apparently  complex  reactions  being  made  up  of  sev- 
eral simpler  reactions.  Two  other  methods  of  determining  the  order 
of  a  reaction  were  taken  up,  and  then  some  of  the  influences  which 
affect  the  velocity  of  reactions,  such  as  temperature,  nature  of  the 
medium,  foreign  substances,  traces  of  moisture,  etc.  The  principle 
of  the  coexistence  of  reactions  was  then  discussed  and  applied  to 
side  reactions  and  counter  reactions.  Attention  was  next  turned  to 
heterogeneous  reactions  of  the  first  and  second  orders. 

With  this  survey  of  the  field  of  chemical  dynamics  we  pass  to  a 

1  Ann.  Chim,  Phys,  [6],  15,  533  (1888). 
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special  phase  of  reaction  velocities,  where  the  two  counter  reactions 
have  the  same  velocity,  i.e.  to  chemical  equilibrium. 

CHEMICAL    EQUILIBRIUM 

EqnilibriniD  in  Chemical  Reactions. — When  substances  are  brought 
together  which  react  chemically,  t!ie  reaction  starts  with  a  certain 
velocity.  This  becomes  less  anil  less  as  the  reaction  proceeds,  as 
the  active  masses  of  the  original  substances  become  less,  and  the 
active  masses  of  the  products  of  the  reaction  become  greater.  After 
a  time  a  condition  is  reached  where  the  products  of  the  reaction 
attain  a  maximum  value,  and  do  not  further  increase  no  matter  how 
long  the  reaction  is  allowed  to  proceed  under  the  given  conditiona. 
Since  the  products  of  the  reaction  do  not  increase  beyond  this  point, 
the  active  masses  of  the  original  substances  do  not  diminish  beyond 
this  point.  This  condition  of  a  reaction  where  the  quantity  of  the 
substances  taking  part  in  the  reaction  do  not  change,  and  where  the 
products  of  the  reaction  do  not  change  in  amount,  is  known  as  lAe 
equilibrium  of  the  reaction. 

Let  us  take  an  example  to  illustrate  this  condition.  When  ethyl 
alcohol  and  acetic  acid  are  brought  together,  they  react,  as  is  well 
known,  in  the  sense  of  the  following  equation  :  — 

C,H,OH  +  HOOC .  CHs  =  H,0  +  CH,COOC,H,. 

Suppose  we  use  one  equivalent  of  the  acid  and  one  equivalent  ot 
the  alcohol.  The  reaction  starts  with  a  certain  definite  velocity. 
This  becomes  less  and  less  as  the  reaction  proceeds  —  as  the  active 
masses  of  the  alcohol  and  the  acid  becomes  less  and  less  and  the 
active  masses  of  the  products  —  ethyl  acetate  and  water  —  become 
greater  and  greater.  Finally,  the  masses  of  the  acid  and  alcohol  do 
not  further  diminish,  but  remain  constant;  and  the  masses  of  the 
ester  and  water  do  not  further  increase.  When  this  relation  of  things 
obtains,  the  reaction  has  reached  the  condition  of  equilibrium. 

The  Conditioii  of  a  Reaction  when  Equilibrium  is  established.  — 
Wliat  is  the  condition  of  things  in  a  reaction  when  equilibrium  is 
reached  ?  Take  the  above  reaction  :  When  equilibrium  is  reached 
we  have  present  some  free  alcohol,  some  free  acid,  some  of  the  ester 
and  water.  When  equilibrium  is  reached  are  we  to  consider  the 
reaction  between  the  alcohol  and  the  acid  as  having  ceased  to  take 
place?  This  was  the  older  way  of  regarding  equilibrium,  but  it 
does  not  accord  with  the  experimental  facta.  Ethyl  alcohol  and 
acetic  acid  will  always  react  when  in  the  presence  of  each  other, 
whether  or  not  water  or  ethyl  acetate  is  present 
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It  is,  however,  also  a  fact  that  when  equilibrium  is  reached  in 
the  above  reaction,  the  amount  of  the  ester  formed  does  not  increase. 
How  are  these  apparently  contradictory  facts  to  be  explained,  and 
how  can  we  account  for  the  condition  of  equilibrium  ? 

We  have  already  seen  that  we  must  regard  chemical  reactions  in 
general  as  reversible ;  the  reaction  between  the  original  substances 
giving  rise  to  certain  products,  which  then  react  with  one  another 
and  reform  the  original  substances.  In  the  above  reaction  the  alco- 
hol and  acid  react  forming  the  ester  and  water,  and  then  the  ester 
and  water  react  forming  the  original  acid  and  alcohol.  Instead  of 
writing  reactions,  as  we  ordinarily  do,  from  left  to  right,  we  must 
write  them  from  left  to  right  and  also  from  right  to  left.  Thus,  the 
above  reaction  should  be  written :  — 

CjHjOH  +  HOOC .  CH3  :^  CH3COOC2H5  +  HjO, 

which  means  that  we  have  two  reactions  taking  place  simultaneously 
in  the  opposite  sense. 

This  method  of  regarding  reactions  not  only  agrees  with  the 
experimental  facts,  but  throws  light  on  the  whole  problem  of  the 
equilibrium  of  reactions.  When,  as  in  the  above  case,  two  sub- 
stances react,  they  do  so  with  a  definite  velocity,  which  becomes  less 
as  the  reaction  proceeds,  and  the  active  masses  of  the  original  sub- 
stances become  less.  As  quickly  as  the  products  of  the  reaction 
(ester  and  water)  begin  to  be  formed,  they  react  with  one  another 
with  a  velocity  which  at  first  is  very  small,  since  the  masses  of  those 
substances  present  are  at  first  very  small,  but  becomes  greater  and 
greater  as  the  masses  of  these  substances  become  greater. 

We  have,  thus,  two  reactions  proceeding  in  the  opposite  sense : 
The  one  with  a  velocity  which  is  continually  becoming  smaller,  the 
other  with  a  velocity  which  is  ever  becoming  greater.  There  will  be 
a  condition  where  these  two  velocities  wHl  become  equcUy  and  this  is  the 
condition  of  equilibrium. 

Equilibrium  in  a  chemical  reaction  is,  then,  that  condition  at 
which  the  velocities  of  the  two  opposite  reactions  are  the  same,  and 
this  conception  greatly  simplifies  the  whole  problem.  We  can  apply 
the  law  of  mass  action  to  the  equilibrium  of  chemical  reactions,  just 
as  well  as  to  the  velocities  of  such  reactions.  It  is  only  necessary  to 
make  the  velocities  of  the  two  opposite  reactions  equal,  and  we  have 
at  once  the  condition  of  equilibrium. 

We  shall  now  study  reactions  of  different  orders  in  the  light  of 
these  conceptions. 
2i 


}=C,iA,-x,). 
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Equilibrium  in  First  Order  Homogeneous  Beactions. —  We  have 

seen  that  the  velocity  of  a  homogeneous  reaction  of  tlie  first  order  is 
expressed  by  the  equation,  — 

I  =(7(^-1), 

where  A  is  the  active  mass  of  the  original  aubstanee.  and  : 
amount  transformed  during  the  reaction. 

Suppose  that  the  active  mass  of  the  substance  formed  from  A  is 
Aj  and  that  x,  of  this  is  retransformed  into  A,  the  velocity  of  t 
second  reaction  is,  — 

dt  ' 

Since  the  two  reactions  are  exactly  the  reverse  of  one  another,  the 
one  representing  the  transformation  of  A  into  A„  and  the  other  the 
transformation  of  Aj  into  A,  we  have  x  =  —  Xj  and  dx=—  dx^.  8ub- 
stituting  this  value  in  the  last  equation,  — 

|  =  -0,(^,  +  .). 

The  velocity  of  the  reaction  as  a  whole  being  the  sum  of  the 
velocities  of  the  two  individual  reactions,  — 

i?"=c(j-i)-c,(J,+«). 

As  we  have  just  seen,  when  equilibrium  is  established  the  totaL 

velocity  of  the  reaction  is  zero,  consequently,  — 
C(A~x)~C,{A,  +  x-)=0, 
or,  '  C(A-x)  =  Ci{Aj  +  x), 

from  which,  9.^4i±J^. 

V,     A  —X 

When  the  equilibrium  is  established,  the  amounts  of  thff 
stances  A  and  A„  which  are  present,  are  proportional  to  the  velocity 
constants  C  and  C,  of  the  two  reactions.  This  is  true  independent 
of  the  amounts  of  the  substances  with  which  we  start ;  so  that  know- 
ing the  I'elocity  constants  of  the  two  reactions  we  can  calculate  at 
once  how  much  of  each  substance  will  be  present  when  equilibrium 
is  established. 

An  example  of  equilibrium  in  a  homogeneous  reaction  of  the  first 
order  would  be  the  transformation  of  ammonium  sulphocyanate,  on 
fusion,   into  sulphourea.      According  to  Yolhard '  equilibrium  : 


nea  tne  total        ■ 


'  Joum.  prakt.  Chem.  9,  11  (18T4). 


dilibrium  Uw^ 
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established  in  this  reaction  while  there  is  an  appreciable  quantity  of 
both  substances  present,  and  the  reaction  may  readily  proceed  in 
either  direction,  depending  upon  the  amounts  of  the  two  substances 
present.  Other  examples  of  equilibrium  in  first  order  homogeneous 
reactions  are  known,  but  the  number  is  not  large. 

Equilibrium  in  First  Order  Heterogeneous  Eeactions. —  In  such 
reactions,  it  will  be  remembered,  the  substances  are  in  different  states 
of  aggregation :  the  one  a  solid  and  the  other  a  liquid,  the  one  a 
liquid  and  the  other  a  gas,  or  the  one  a  solid  and  the  other  a 
gas,  and  so  on.  Since,  as  we  have  seen,  the  active  mass  of  a  solid 
with  respect  to  the  other  states  of  aggregation,  or  of  a  liquid  with 
respect  to  a  gas  is  a  constant,  the  active  mass  of  the  other  sub- 
stance must  also  be  a  constant  in  order  that  equilibrium  may  be 
established. 

The  transformation  of  matter  from  one  state  of  aggregation  into 
another  belongs  under  this  head.  The  passage  from  the  solid  to  the 
liquid  state  is  an  example.  The  solid  and  liquid  are  in  equilibrium 
at  a  definite  temperature,  regardless  of  the  amount  of  matter  present 
in  either  state  of  aggregation.  Similarly,  matter  in  the  form  of  vapor 
is  in  equilibrium  with  the  same  kind  of  matter  in  the  form  of  a 
liquid,  when  the  amount  of  vapor  in  a  given  volume  has  reached  a 
certain  definite  quantity.  Such  simple  transformations  as  these  will 
be  dealt  with  later  by  another  method,  so  that  no  further  stress  will 
be  laid  upon  them  here. 

The  reciprocal  transformation  of  cyanogen  and  paracyanogen  is 
an  excellent  example  of  equilibrium  in  a  first  order  heterogeneous 
reaction,  cyanogen  being  at  ordinary  temperatures  a  gas  and  para- 
cyanogen a  solid.  At  about  600®  cyanogen  undergoes  transformation 
into  paracyanogen,  and  above  this  temperature  paracyanogen  is 
transformed  into  cyanogen,  as  Troost  and  Hautef euille  ^  have  shown. 
Equilibrium  exists  at  any  given  temperature  between  the  two  poly- 
meric forms,  when  the  vapor-pressure  has  reached  a  certain  definite 

value. 

Another  example  is  the  well-known  reciprocal  transformation  of 
yellow  and  red  phosphorus.  When  yellow  phosphorus  is  heated  to 
260®,  and  still  better  at  higher  temperatures,  it  passes  over  into  the 
red  modification,  as  Hittorf  *  pointed  out  When  the  red  modifica- 
tion is  volatilized  and  the  vapor  suddenly  condensed,  the  yellow 
modification  is  obtained  again. 

These  reciprocal  transformations  have  been  extensively  studied 

1  Compt,  rend.  66,  796  (1868).  «  Pogg.  Ann.  126,  193  (1866). 
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by  a  number  of  investigators/  and  especially  by  Lemoine,  who  pub- 
lished his  results  and  the  discussion  of  the  whole  subject  in  his 
booky  Etudes  sur  les  EquUibres  Chimiques,  which  is  far  less  known 
than  it  deserves  to  be.  For  details  in  this  connection  reference 
must  be  had  to  his  work. 

Equilibrium  in  Second  Order  Homogeneous  Reactions.  —  The 
velocity  of  a  reaction  in  which  two  substances  take  part,  and  where 
all  the  substances  are  in  the  saine  state  of  aggregation,  is  expressed 
thus :  — 

where  ^,and  B  are  the  active  masses  of  the  two  substances  which 
react 

The  velocity  of  the  opposite  reaction  which  takes  place  between 
the  products  of  the  first  reaction  is  expressed  thus :  — 

Since  we  are  dealing  with  equivalent  quantities  of  the  different 
substances,  for  equilibrium  x  =  —  Xi  and  do?  =  —  dxj. 

From  the  velocities  of  the  two  reactions,  we  have  the  velocity 
of  the  reaction  as  a  whole :  — 

^=C(A-  X)  {B-x)-  C, (A,  +  X)  (B,  +  X). 

dor 

For  equilibrium  —  must  be  equal  to  zero,  whence,  — 

Uv 

C(A-x)(B-x)-  Ci {Ai  +  x) {Bi  +  a;)  =  0, 

or,  C{A  -x)(B-x)  =  Ci(Ai  +  x)  (B^  +  x). 

..   C  ^(Aj-\-x)(B,  +  x) 
Ci      {A-x){B-x) 

If  we  start  with  gram-equivalents  of  A  and  B,  we  would  repre- 
sent their  active  masses  by  unity.  Since  at  the  beginning  of  the 
reaction  neither  Ai  nor  Bi  is  present,  their  active  masses  would  be 
zero.     Substituting  these  values  in  the  above  equation,  we  have  — 

(7  r» 


c,    ix-xy 

1  Troost  and  Hautefeullle :  Ann.  Chim.  Phys.  [6],  2,  145  (1874).    Moutier: 
Ibid.  [6],  1,  343  (1874). 
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The  condition  of  equilibrium  in  a  second  order  homogeneous 
reaction  is,  then,  that  the  velocity  coefficients  are  proportional  to  the 
square  of  the  amounts  of  the  substances  which  have  been  transformed. 

The  above  equation  has  been  tested  by  a  number  of  methods. 
Julius  Thomsen  employed  a  method  which  has  already  been  referred 
to,  but  which  will  be  considered  more  fully  in  the -next  chapter, 
based  upon  the  heat  evolved  when  a  salt  of  one  acid  is  treated  with 
another  acid.  Knowing  the  heat  evolved  when  each  acid  acts  sepa- 
rately upon  the  base,  and  the  heat  set  free  when  a  salt  of  one  of  the 
acids  is  treated  with  the  other  acid,  we  have  the  data  necessary  for 
calculating  the  amount  of  the  base  which  goes  to  each  acid ;  in  brief, 
the  condition  of  equilibrium  in  such  a  reaction.  Without  giving 
details  in  this  connection  it  may  be  said  that  the  experimental  results 
are  in  excellent  agreement  with  the  deduction  from  the  law  of  mass 
action. 

The  simplest  and  most  direct  method  of  testing  the  above  equa- 
tion experimentally  was  that  employed  by  Ostwald.  When  sub- 
stances react  chemically  there  is  almost  always  a  change  in  volume 
produced,  and  the  change  in  volume  is  different  for  reactions  between 
different  substances.  Thus,  when  one  acid  is  neutralized  by  a  given 
base  there  results  a  certain  change  in  volume,  which  is  different  from 
the  change  in  volume  produced  when  another  acid  is  neutralized  by 
the  same  base.  The  simplest  method  of  measuring  the  change  in 
volume  is  to  measure  the  change  in  specific  gravity,  which  is  propor- 
tional to  it. 

Ostwald  carried  out  the  following  experiment  by  the  above 
method.  He  wished  to  determine  how  sulphuric  acid  and  nitric  acid 
will  divide  a  base  between  them.  He  determined  the  specific  gravi- 
ties of  normal  nitric  acid,  normal  sulphuric  acid,  and  normal  sodium 
hydroxide ;  also  of  the  solution  containing  equal  volumes  of  the  base 
and  nitric  acid,  and  of  the  solution  containing  equal  volumes  of  the 
base  and  sulphuric  acid.  Nitric  acid  was  then  added  to  sodium  sul- 
phate, and  the  specific  gravity  of  the  resulting  solution  determined. 

From  the  above  data  we  could  determine  at  once  how  the  base 
divided  itself  between  the  two  acids ;  how  much  of  the  base  went 
to  each  acid  when  equilibrium  was  established.  It  was  found  that 
about  one-third  went  to  the  sulphuric  acid,  and  about  two-thirds  to 
the  nitric  acid. 

Ostwald  used  his  results  to  test  the  above  deduction  by  calculat- 
ing the  change  in  specific  gravity  which  should  be  produced  if  this 
equation  is  true,  and  then  comparing  the  values  calculated  with 
those  found  experimentally.    The  two  sets  of  values  agree  as  satis- 
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factorily  as  could  be  expected  when  we  consider  that  the  change  in 
Tolnme  which  is  to  be  measured  is  so  very  smalL 

Eqnilibrinm  in  Seeomd  Order  Heterogeneow  Rijactiimt,  where  One 
Snbftanoe  is  Solid.  —  If  the  reaction  is  heterogeneous,  i.e.  the  sub- 
stances in  different  states  of  aggregation,  we  may  have  several  pos- 
siViilities.  One  substance  may  be  solid  and  the  others  liquid,  or  two 
or  three  substances  may  be  solid.  We  will  take  up  first  the  simplest 
case,  where  one  of  the  products  of  the  reaction  is  a  solid  and  the 
other  substances  are  liquid. 

We  have  seen  that  the  active  mass  of  a  solid  is  constant,  and  we 
will  call  this  constant  S.    The  velocity  of  this  reaction  is — 

^=C(A-x)(B-x). 

The  velocity  of  the  opposite  reaction  is  — 

When  eqnilibriom  between  the  two  reactions  is  established  we 
would  have — 

C(A  -x)(B-x)  =  C,(Ai  +  '>)S, 

C,S_iA-x)iB-x) 
°'  ~C- A[+i 

If  we  start  with  unit  quantities  of  A  and  By  at  the  outset  Ai  =  0, 
we  would  have  — 

There  are  many  examples  of  equilibrium  known  which  belong  to 
this  class.  Thus,  when  two  soluble  substances  are  brought  together 
and  a  ]:)recipitate  is  formed  and  only  one  soluble  substance  remains 
in  solution,  we  have  an  example  of  this  kind  of  equilibrium.  The 
action  of  sulphuric  acid  on  barium  chloride,  giving  barium  sulphate 
and  hydrochloric  acid,  will  serve  to  illustrate  this  principle. 

It  is  not  necessary  that  the  insoluble  substance  should  be  formed 
as  the  result  of  the  reaction  in  order  that  it  may  belong  to  this  class. 
One  of  the  substances  between  which  the  original  reaction  takes 
place  may  be  insoluble.  The  action  of  an  acid  on  an  insoluble  oxa- 
late would  be  an  example.  When  an  equivalent  of  hydrochloric 
acid  iH  allowed  to  act  on  an  equivalent  of  calcium  oxalate,  a  i)art  of 
tlu)  oxalate  dissolves,  and  we  have  two  reactions  taking  place  in  the 
sense  of  the  following  equation ;  — 

coo>+2Hci:;::!:caci,+g2gg. 


or 
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When  the  velocities  of  the  two  opposite  reactions  become  equal, 
equilibrium  will  be  established.  The  equation  of  equilibrium  for 
such  a  case  would  be  — 

C(A  -  x)S  =  CiiAi  +  X)  {Bi  +  a?), 

Ci  _  A-x 

CS^(Ai  +  x)(Bi  +  x)' 

If  we  use  unit  quantity  of  acid,  at  the  beginning  A^^l,  Ai  and 
Bi  =  0,  the  above  equation  becomes  — 

CS"    a^    ' 

This  reaction  has  been  studied^  in  the  way  indicated  above;  also 
by  starting  with  calcium  chloride  and  oxalic  acid,  when  the  equation 
first  deduced  applies  to  it.  The  conclusions  from  theory  have  been 
verified  by  experiment. 

Equilibrium  in  Second  Order  HeterogeneonB  Beactions,  where 
Two  Substances  are  Solid.  —  If  two  of  the  substances  which  take 
part  in  the  reciprocal  reactions  are  solids,  their  active  masses  will  be 
constants.  The  equation  for  the  equilibrium  in  such  cases  would  be 
developed  as  follows.    The  velocity  in  the  one  direction  would  be  — 

^^V(A^x)S. 

dt        ^  ^ 

In  the  other  direction, — 

^'=C,(A,-x,)S,. 

CU 

For  equilibrium,  — 

C(A--x)S=C,(A,  +  x)S^ 

from  which  —  ^  =  4^^- 

CS      Aj  +  x 

This  equation  was  tested  experimentally  by  Guldberg  and  Waage, 
and  the  results  published  in  their  jStvdes  8ur  les  Affinity  Chimiques, 
The  following  is  one  of  the  first  examples  which  they  brought  for- 
ward in  support  of  the  law  which  they  had  just  deduced.  They 
studied  the  action  of  potassium  carbonate  on  barium  sulphate,  which 
gives  rise  to  potassium  sulphate  and  barium  carbonate.  The  follow- 
ing results  are  taken  from  their  paper  :* — 

1  Journ,  prakt.  Chem.  [2]  22,  261  (1880). 

«  Klas8,  d.  exakt.  Wissenschaft,  104,  22.  Journ.  prakt  Chem.  [2],  19,  ©2 
(1879). 
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The  agreement  between  the  values  of  a-,  as  found  and  as  cal- 
culated, is  excellent. 

Similar  experiments  were  carried  out  by  Ostwald,  using  sodium 
carbonate  instead  of  potassium  carbonate.  The  agreement  between 
the  values  of  x  as  calculated  and  as  found  experimentally  is  quite 
satisfactory,  but  not  as  close  as  the  results  obtained  by  Guldberg 
and  Waage. 

Eqnilibriam  in  Second  Order  HeterogeneoQB  Beaotioni,  where 
Tliree  Substances  are  Solid.  —  If  three  of  the  four  substances  which 
enter  into  the  two  reciprocal  reactions  are  solids,  their  active  masses 
are  all  constants.  Three  of  the  active  masses  are  constants,  and, 
consequently,  the  equilibrium  depends  upon  the  active  mass  of  the 
fourth  substance,  which  is  not  a  solid.  This  case  has  also  been 
tested  experimentally '  by  the  action  of  lead  oxide  on  ammonium 
oliloride,  and  it  was  found  that  the  pressure  of  the  ammonia  gas  set 
free  at  any  given  temperature  was  independent  of  the  amounts  of  the 
solid  substances  which  were  present. 


The  application  of  the  law  of  mass  action  to  the  conditions  of 
equilibrium  in  chemical  reactions  has  been  as  successful  as  to  the 
velocities  of  these  reactions.  We  can  deal  with  the  equilibrium  of 
the  more  common  reactionsmoresimply  by  meansof  this  law  than  by 
any  other  method  which  has  been  thus  far  proposed.  The  problem 
is  not  only  treated  by  the  simplest  method  available,  but  by  the 
most  exact.  The  conditions  which  exist  when  equiUbrJura  is  estab- 
lished are  determined  with  mathematical  accuracy,  probably  far 
more  accurately  than  by  direct  experiment.  Because  of  the  sim- 
plicity and  accuracy  of  the  method,  it  has  been  employed  in  con- 
nection with  the  problems  of  equilibrium  in  chemical  reactions  both 
homogeneous  and  heterogeneous,  and  of  the  first  and  second  O 


'  Isambert:  Co-mpt.  rmA.  102,  1313  (18B6). 
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THE    PHASE    RULE   AND   ITS    APPLICATION    TO    CHEMICAL 

EQUILIBRIUM 

The  Phase  Rule.  —  The  meaning  of  the  Phase  Rule  can  be  under- 
stood best  by  studying  it  in  connection  with  simple  substances  which 
exist  in  different  states  of  aggregation.  We  know  most  substances 
in  three  different  states  of  aggregation,  —  solid,  liquid,  and  gas.  The 
different  modifications  of  a  substance  are  known  as  phases  of  that 
substance,  and  we  therefore  know  most  substances  in  three  phases. 
It  may  occur  that  the  same  substance  exists  in  more  than  three 
phases,  there  being  two  or  more  phases  in  the  same  state  of  aggre- 
gation. 

These  phases  may  exist  separately,  the  phase  depending  chiefly 
upon  the  temperature  and  also  to  a  considerable  extent  upon  the 
pressure,  or  they  may  coexist  in  a  condition  of  equilibrium  with 
one  another.  Take  a  simple  substance  like  benzene ;  at  all  ordinary 
temperatures  it  exists  both  in  the  liquid  and  vapor  phase.  At  each 
given  temperature  the  vapor  is  formed  until  it  acquires  a  definite 
pressure,  and  when 
this  is  reached  we 
have  an  equilibrium 
between  the  liquid 
and  vapor  phases. 
If  we  determine  the 
tension  of  the  vapor 
of  benzene  at  dif- 
ferent temperatures, 
and  then  plot  the 
curve  expressing  the 
relation  between 
temperature  and 
vapor-pressure,  it 
would  have  the  fol- 
lowing form  (Fig. 
55):  — 

The  abscissas  represent  temperatures,  and  the  ordinates  pressures. 
The  curve  represents  conditions  of  equilibrium  between  the  liquid 
phase  and  the  vapor  phase.  Below  the  curve  we  have  only  the 
vapor,  and  above  only  the  liquid,  in  a  condition  of  stable  equilibrium. 

This  is  a  very  simple  example,  and  but  serves  to  show  the  mean- 
ing of  the  term  "phase,"  and  of  equilibrium  between  different  phases. 

Let  us  now  take  a  substance  which  exists  in  three  phases,  and  a 
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veiy  good  example  is  water.  Water  exiats  as  a  solid,  liquid,  or  gaa, 
depending  cliiefly  upon  the  temperature,  and  also  upon  the  pressure. 
If  we  draw  the  temperature-pressure  curves  representing  the  con- 
ditions of  equilibrium  between  the  diS'erent  phases  of  water,  the 
curves  would  take  the  following  forms :  — 

The  curve  PA  (Fig.  56)  represents  the  condition  of  equilibrium 
between  liquid  water  and  water-vapor.  Below  this  curve  the  vapor 
is  the  stable  phase, 
above  it  the  liquid. 
The  curve  PB  is  the 
line  of  equilibrium 
between  the  liquid 
and  the  solid  phases 
of  water,  the  liquid 
being  the  stable 
phase  to  the  right 
of  this  curve  and 
above  the  curve  P.A, 
while  the  solid  is 
the  stable  phase  to 
the  left  of  PB  and 

above     PC.        The 

eurve  PC  is  the  line 
of    equilibrium    be- 
tween the  solid  phase  of  water  and  water-vapor;  above  this  curve 
and  to  the  left  of  PB  ice  la  the  stable  condition,  while  below  this 
curve  and  PA  water-vapor  is  the  stable  phase. 

It  will  be  observed  that  the  three  curves  intersect  in  a  point 
which  we  have  called  P.  This  point  has  properties  which  make  it 
of  special  interest.  Since  it  is  common  to  all  three  curves,  it  means 
that  at  this  temperature  all  three  phases  of  water  have  exactly  the 
same  vapor-pressure.  That  such  is  the  case  can  be  shown  by  the 
following  considerations.  Take  the  liquid  and  solid  phases.  The 
point  P  represents  the  temperature  at  which  ice  and  water  are  in 
equilibrium  under  their  own  vapor-tension.  Since  this  is  much  less 
than  an  atmosphere,  being  in  fact  about  4  mm.,  the  temperature  of 
the  point  P  is  slightly  above  zero,  since  pressure  lowers  the  freezing- 
point  of  water.  If  the  vapor-tension  of  the  ice  is  not  the  same  as 
that  of  the  water,  it  must  be  either  greater  or  less.  If  it  is  greater, 
the  ice  will  vaporize  and  the  vapor  condense  as  liquid ;  if  it  is  leas, 
the  water  will  vaporize  and  the  vapor  freeze  to  ice.  Since,  however, 
by  hypothesis  this  point  represents  a  condition  of  equilibrium  be* 


CHEMICAL  DYNAMICS  AND  EQUILIBRIUM  491 

tween  these  phases,  where  neither  can  increase  at  the  expense  of  the 
other,  we  could  not  have  either  of  the  above  conditions  realized. 
Therefore,  since  the  vapor  pressure  of  the  ice  cannot  be  greater  than 
that  of  the  water  at  this  temperature,  and  cannot  be  less,  it  must  be 
equal  to  it. 

A  special  name  has  been  given  to  the  point  P.  Since  it  repre- 
sents a  condition  of  equilibrium  between  three  phases  it  is  known  as 
a  Triple  Point.  The  curves  PA,  PB,  and  PC  represent  conditions 
of  equilibrium  between  two  phases,  and  the  areas  PAB,  PBC,  and 
PCA  represent  conditions  under  which  only  one  phase  is  stable. 
We  can  now  state  and  apply  the  generalization  known  as  the  Phase 
Rule,* — If  the  number  of  piloses  eocceed  the  number  of  components  by 
two,  the  system  is  non-variant,  or  has  no  degree  of  freedom.  This 
means  that  none  of  the  conditions  can  be  varied  without  destroy- 
ing the  equilibrium.  The  triple  point  P  is  an  example  of  a  non- 
variant  system.  The  number  of  phases  is  three  and  the  number 
of  components  one,  and  we  cannot  vary  either  the  temperature  or 
the  pressure  without  disturbing  the  equilibrium  between  the  three 
phases. 

If  the  number  of  phases  exceed  the  number  of  components  by  one,  the 
system  is  monovariant,  having  one  degree  of  freedom.  This  is  the 
case  in  the  systems  PA,  PB,  and  PC  The  number  of  phases  is  two, 
and  the  number  of  components  one,  and  there  exists  one  variable 
along  these  curves.  We  can  vary  either  the  temperature  or  the 
pressure,  provided  we  keep  on  the  curve,  without  destroying  the 
equilibrium  between  the  two  phases. 

If  the  number  of  phases  is  equal  to  the  number  of  components,  tJie 
system  is  divariant,  having  two  degrees  of  freedom.  This  is  exem- 
plified by  the  areas  PAB,  PBC,  and  PCA.  The  number  of  phases 
is  one,  and  the  number  of  components  one,  and  two  variables  exist. 
We  can  vary  both  the  temperature  and-.the  pressure  provided  that 
we  keep  within  the  given  area  without  in  any  wise  destroying  the 
equilibrium. 

We  have  now  seen  what  the  phase  rule  is  and  what  is  meant  by 
a  triple  point,  a  non-variant,  monovariant,  and  divariant  system.  It 
is  possible  to  have  more  than  three  phases  in  equilibrium  at  a  point. 
If  there  are  four,  the  point  is  a  quadruple  point ;  if  five,  a  quintuple 
point,  and  so  on.  And  just  as  we  have  had  non-variant,  monovari- 
ant, and  divariant  systems,  so  if  the  number  of  components  is 


1  It  is  a  matter  of  no  little  pride  to  Americans  to  luiow  that  this  important 
generalization  was  discovered  by  J.  Willard  Gibbs. 
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greater  than  one  we  may  have  Bystems  where  there  are  still 
number  of  degrees  of  freedota.  With  these  fuudamental  concep- 
tions clearly  iu  mind,  we  shall  now  apply  the  phase  rule  to  a  number 
of  problems  in  chemical  equilibrium. 

Equilibrium  between  Different  Phases  of  the  Same  Substance.  — 
The  cases  which  we  have  just  examined  represent  conditions  of 
equilibrium  between  different  phases  of  the  same  substance.  They 
have,  however,  been  considered  only  from  one  standjwint  as  illustra- 
tions of  the  phase  rule.  We  must  now  study  more  carefully  a^ew 
cases  where  only  one  substance  is  involved. 

As  an  example  of  one  subntance  exixling  in  two  phases  we  may 
take  any  two  of  the  phases  of  water,  or  the  two  phases  of  benzene 
already  considered.  The  curve  represents  an  equilibrium  between 
the  two  phases,  and  since  there  is  one  component  and  two  phases, 
we  have  a  monovariant  system.  We  can  vary  either  the  tempera- 
ture or  the  pressure,  provided  we  keep  within  the  Iwiinds  of  this 
curve,  without  destroying  the  equilibrium.  The  areas  above  and 
below  the  curve  represent  divariant  systems,  within  which  both 
temperature  and  pressure  can  be  varied  without  destroying  the 
phase.  Being  only  one  curve  there  is  no  point  of  intersection,  and 
consequently  no  triple  point. 

For  an  example  of  one  substance  existing  in  three  phases  let  us 
return  to  the  temperature-pressure  diagram  of  water.  The  follow- 
ing contains  in  addition  to  the  above-mentioned  curves  the  curve  PC,, 
and  this  calls  for  special  comment.  The  three  curves  PA,  PB,  PC, 
in  tbe  diagram  for  water,  represent  conditioua  of  stable  equilibrium ; 
but  we  know  that  we  may  cool  water  far  below  its  freezing-point 
without  the  separation  of  ice  if  there  is  no  dust  or  other  solid  matter 
present;  and  we  may  heat  water  more  than  100°  above  its  boiling- 
point  without  ebullition  taking  place  if  all  impurities  have  been  re- 
moved. These  conditions  which  were  not  taken  into  account  at  all 
in  the  original  discussion  are  usually  referred  to  as  conditions  of 
unstable  equilibrium.  Since  such  conditions  simply  represent  de- 
grees of  stability  this  term  has  been  abandoned  in  favor  of  metas- 
table  equilibrium. 

The  ctirve  PC,  represents  a  condition  of  metastable  equilibrium 
for  water.  The  instant  a  mere  fragment  of  the  solid  phase,  ice,  is 
introduced,  freezing  begins  and  ice  separates  until  the  metastable 
passes  over  into  the  stable  condition.  This  shows  that  the  stability 
of  the  different  phases  is  purely  relative. 

An  idea  of  the  quantity  of  the  phase  stable  under  the  conditions, 
which  is  required  to  transform  a  metastable  into  a  stable  phase, 
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can  be  obtained  from  an  investigation  by  Ostwald.^  He  has  shown 
that  if  an  almost  infinitesimal  amount  of  the  stable  phase  is  present, 
the  metastable  phase  can  no  longer  exist  as  such,  but  passes  over 
into  the  phase  which  is  stable  under  the  conditions. 

Attention  must  be  called  to  one  further  point  in  connection  with 
the  temperature-pressuriB  diagram  of  water.  The  curves  do  not  run 
out  indefinitely  from  the  point  P,  but  stop  abruptly  in  the  middle 
of  the  diagram.     What  does  this  mean  ? 

Take  the  curve  PA,  which  represents  the  condition  of  equilibrium 
between  water  and  water-vapor.  We  know  that  there  is  a  tempera- 
ture above  which  the  vapor  of  water  cannot  be  liquefied,  the  two 
phases  in  this  region  existing  as  one  phase.  This  is  the  well-known 
critical  temperature  of  the  substance.  At  the  critical  temperature 
we  have  also  the  critical  pressure.  These  two  critical  constants  for 
water-vapor  are  represented  by  the  point  A  as  the  extreme  of  the 
curve  PA, 

This  comparatively  simple  diagram  is,  then,  a  shorthand  expres- 
sion of  a  large  number  of  experimentally  established  facts. 

We  have  in  sulphur  a  good  example  of  one  substance  existing  in 
four  phases.  We  know  two  solid  phases  of  sulphur,  —  the  one  stable 
at  ordinary  temperatures,  crystallizing  in  the  orthorhombic  system, 
the  other  stable  at  higher  temperatures,  crystallizing  in  the  mono- 
clinic  system.  The  orthorhombic  melts  at  115°,  passing  over  into 
the  liquid  phase.  If  kept  at  a  temperature  just  below  its  melting- 
point,  it  passes  into  the  monoclinic  form.  The  monoclinic  sulphur 
is  also  formed  when  the  liquid  phase  is  cooled  slowly.  Monoclinic 
sulphur  melts  higher  than  orthorhombic,  at  120°.  When  the  mono- 
clinic phase  is  kept  at  ordinary  temperatures,  it  passes  over  gradu- 
ally into  the  orthorhombic  phase,  which  is  the  stable  form  at  these 
temperatures. 

At  higher  temperatures,  as  we  have  seen,  the  orthorhombic  passes 
into  the  monoclinic.  Therefore,  at  low  temperatures,  the  orthorhom- 
bic is  the  stable,  the  monoclinic  the  metastable  phase.  At  higher 
temperatures,  up  to  131°,  the  monoclinic  is  the  stable  phase,  while 
the  orthorhombic  is  the  metastable  phase.  The  temperature  at 
which  the  two  solid  phases  are  in  equilibrium  —  at  which  both 
solid  phases  can  coexist  without  either  passing  into  the  other  — 
is  known  as  the  transition  temperature,  and  for  sulphur  this  is  95°.6. 
In  addition  to  the  two  solid  phases  of  sulphur  we  have  the  liquid 
and  the  vapor  phases. 

1  Ztschr.  phys.  Chem.  22,  289  (1897). 


494 


THE  ELEMENTS  OF  PHYSICAL  CHEMISTRY 


If  we  plot  the  temperature-pressure  diagram  of  sulphur  as  we 
did  that  of  water,  it  would  have  the  following  form :  — 

The  diagram  is  considerably  more  complex  than  the  diagram  for 
water,  where  only  three  phases  were  present;  yet  the  principles 
involved  are  exactly  the  same ;  and  if  we  understood  the  diagram  for 
water,  this  should  offer  no  serious  difficulty. 

Beginning  with  the  conditions  of  equilibrium  between  orthorhom- 
bic  sulphur  and  sulphur  vapor,  these  are  represented  by  the  curve 
PB.    The  curve  PPi  is  the  vapor-pressure  curve  of  monoclinic  sul- 
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phur,  while  PiG  is  the  vapor-pressure  curve  of  liquid  sulphur.  The 
point  P  is  the  transition  point  of  orthorhombic  and  monoclinic  sul- 
phur. The  curve  PP^  represents  the  conditions  of  equilibrium 
between  orthorhombic  and  monoclinic  sulphur,  and  any  point  on 
this  curve  is  therefore  a  transition  point.  The  curve  PiPu  repre- 
sents equilibrium  between  monoclinic  and  liquid  sulphur,  and  is 
therefore  the  curve  of  the  melting-point  of  monoclinic  sulphur. 
Just  as  the  curve  (PPji)  of  the  transition  point  of  orthorhombic  and 
monoclinic  sulphur  slopes  to  the  right  as  it  rises,  showing  an  in- 
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crease  in  temperature  with  increase  in  pressure,  so  the  curve  of  the 
melting-point  of  monoclinic  sulphur  (PiPn)  slopes  to  the  right  as  it 
rises.  This  is  but  one  of  many  analogies  between  transition  points 
and  melting-points.  These  two  curves,  however,  meet  at  the  point 
Pij,  which  corresponds  to  a  temperature  of  131®.  The  curve  Pi^E  is 
the  curve  of  equilibrium  between  orthorhombic  and  liquid  sulphur, 
i.e.  the  curve  of  the  melting-point  of  orthorhombic  sulphur  with 
increase  in  pressure,  monoclinic  sulphur  being  incapable  of  exist- 
ence beyond  131°,  no  matter  how  high  the  pressure. 

Let  us  turn  now  to  the  dotted  curves.  PA  represents  the  vapor- 
pressure  of  metastable  monoclinic  sulphur.  This  is  greater  below 
the  transition  point,  as  we  would  expect,  than  the  vapor-pressure  of 
the  stable  orthorhombic  phase.  Above  the  transition  point  ortho- 
rhombic sulphur  is  the  metastable  phase,  and  it  has  in  this  region 
a  higher  vapor-pressure  than  the  stable  monoclinic  phase.  This  is 
represented  by  the  curve  PPuit  ^^^  prolongation  of  PB,  If  now  we 
prolong  the  curve,  P^C  representing  equilibrium  between  liquid  sul- 
phur and  its  vapor  until  it  meets  the  prolongation  of  PJ5,  it  will  do 
so  at  Pun-  If  T^ow  we  join  P^jj  and  Py,  the  curve  will  represent  the 
equilibrium  between  orthorhombic  sulphur  and  liquid  sulphur,  i.e. 
the  melting-point  of  orthorhombic  sulphur,  and  the  effect  of  pressure 
as  increasing  the  temperature  at  which  this  phase  will  melt. 

We  have  now  examined  all  the  curves  in  the  diagram.  Let  us 
see  what  kinds  of  systems  they  represent.  The  point  P  repre- 
sents equilibrium  between  the  three  phases  orthorhombic,  mono- 
clinic, and  vapor,  and  is,  therefore,  a  triple  point.  Similarly,  Pj 
represents  equilibrium  between  monoclinic,  vapor,  and  liquid ;  P^, 
between  orthorhombic,  monoclinic,  and  liquid,  and  P^  (in  the  metas- 
table region)  between  orthorhombic,  liquid,  and  vapor,  and  these 
are  all  triple  points.  We  have,  then,  four  triple  points,  and  since 
there  is  one  component  and  three  phases  the  systems  are  non- variant. 

Take  the  curves.  PB  represents  equilibrium  between  orthorhom- 
bic and  vapor,  PP^  between  monoclinic  and  vapor,  P,C  between  liquid 
and  vapor,  V^Pxt  between  monoclinic  and  liquid,  P^P  between  ortho- 
rhombic and  monoclinic. 

Take  the  dotted  curves  representing  equilibria  in  metastable 
regions.  PA  is  the  curve  of  equilibrium  between  monoclinic  and 
vapor,  PPtu  between  orthorhombic  and  vapor,  PiPm  between  liquid 
and  vapor,  and  PnPm  between  orthorhombic  and  liquid. 

These  systems  represent  conditions  of  equilibria  between  two 
phases,  and  since  the  number  of  components  is  one  they  are  mono- 
variant  systems. 
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Take  finally  the  areas.  Within  BPP,C  sulphur  is  stable  only  in 
the  form  of  vapor,  within  CPjPuE  the  liquid  is  the  stable  form, 
within  EPi,PB  the  orthorhombic  is  the  stable  phase,  and  within 
PP,P,i  the  monoclinie  is  the  stable  form.  These  areas  each  repre- 
sent one  stable  phase  of  the  substance,  and  since  there  is  only  one 
component  these  systems  are  divariant. 

So  much  for  the  conditions  of  equilibria  where  there  is  one  com- 
ponent and  four  phases. 

We  have  thus  far  considered  the  cases  where  there  is  one  compio- 
nent  and  two,  three,  and  four  phages,  there  being  two  variables,  — 
temperature  and  pressure.  We  must  now  consider  a  few  cases  where 
there  is  one  component  and  three  variables. 

Bqnilibriam  between  Two  Phases  of  the  Same  Substance  when 
Three  Conditions  are  Variable.  —  Tlie  phases  which  we  will  study 
are  the  liquid  and  vapor  phases  of  a  pure  substance,  like  water.  The 
relations  between  these  two 
phases  can  be  seen  by  refer- 
ence to  the  pressure- volume 
curves  or  isotherraals,  since 
for  each  curve  the  tempera- 
ture is  constant.  If  we  start 
with  a  vapor  under  a  small 
pressure,  and  increase  the 
pressure,  the  volume  will 
diminish.  The  i sotbermal 
ab  (Fig.  58)  represents  the 
relations  between  these  two 
variables.  At  6  a  portion 
of  the  vapor  may  become 
liquid;  if  so,  further  dimi- 
„  nution  in   volume   can  take 

place  without  increasing  the 
pressure.  At  c  all  the  vapor  has  become  liquid,  and  beyond  this 
point  enormous  pressure  is  required  to  produce  small  changes  in 
volume.  This  is  shown  by  the  dc  portion  of  the  isothermal  rising 
nearly  parallel  to  the  ordinate.  The  isothermals  for  higher  and 
higher  temperatures  resemble  the  one  just  considered,  a  greater 
pressure  being  required  at  the  higher  temperature  to  liquefy  (he 
vapor.  Finally  the  isothernfal  is  reached  which  passes  through  the 
critical  poiut  C,  and  this  takes  the  form  of  the  highest  curve  shown 
in  the  fig\ire. 

In  any  one  of  the  above  curves  we  have  allowed  only  press 
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and  volume  to  vary.     Suppose  now  we  allow  also  temperature  to 

vary,  and  use  the  three  variables  as  coSrdinates  on  which  to  plot  the 

relations  of  the  liquid  and  vapor  phases  of  a  substance.     The  figure 

would    have    the   form 

shown    in    the    sketch 

(Fig.  59).    The  position 

of  the  iaothermals  is  seen 

at  once,  also  the  regions 

of    pure    vapor    and    of    „ 

pure  liquid,  and  the  inter-    g 

mediate     heterogeneous    S 

region    in    which    both 

phases  axe  present. 
We  may  in  the  same 

manner  have  equilibrium 

between  three  phases  of 

the  same  substance  with  three  conditions  variable,  but 
a  detailed  study  of  such  cases  would  scarcely  add 
to  what  has  already  been  learned. 

Xqailibrinm  between  Fhases  of  Two  Sobstances. 
—  We  shall  not  take  up  the  large  number  of  condi- 
tions of  physical  equilibrium  between  the  sub- 
stances, such  as  the  solubility  of  a  solid  in  a  liquid, 
etc.,  since  these  have  been  referred  to  in  other 
connections ;  but  pass  at  once  to  the  conditions 
of  chemical  equilibrium,  between  two  oomponents  and 
three  phases. 

A  case  which  is  generally  discussed  because  of 
its  comparative  simplicity,  is  the  equilibrium  be- 
tween a  salt  containing  water  of  crystallization  and 
water-vapor.  It  has  been  shown  that  this  depends 
upon  the  tension  of  the  water-vapor,  and  we  must 
first  consider  a  method  by  which  this  Is  measured. 

The  apparatus  first  used  by  Froweiii'  was  sub- 
sequently improved  and  used  by  the  same  inves- 
tigator.' The  ten  si  meter  is  represented  in  the 
following  sketch  (Fig.  60):  —  The  finely  powdered 
dry  salt  is  placed  in  the  bulb  a,  and  sulphuric  acid 
in  b.    The  bottom  of  the  bent  tnbe  is  partly  filled 

with  oil,  and  the  apparatus  evacuated  and  sealed.     The  whole  ap- 


>  ZUehr.  phv*.  Chan.  1,  10  (1887). 


*  tbid.  17,  62  (1896). 
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parahis  ia  placed  iu  a  thermostat  bath.  aa<l  kept  at  a  coDstant  tem- 
perature until  there  is  no  further  change  in  the  levels  of  the  oil  in 
the  two  arras.  The  salt  has  then  exerted  its  maximum  vapor-tension, 
which  is  meaaurej  by  the  difference  in  the  heights  of  the  columna 
of  oil  iu  the  two  arms.  If  the  salt  is  in  the  presence  of  water-vapor 
at  a  tension  less  than  the  maximum  tension  of  its  own  water-vapor, 
it  will  continue  to  lose  water  until  this  tension  is  established. 

Take  the  case  of  copper  sulphate  with  five  molecules  of  water  of 
crystallization.  If  this  is  placed  iu  a  desiccator  where  the  tension 
of  the  water-vapor  is  practically  zero,  it  will  lose  water  and  paas 
over  into  the  hydrate  with  three  molecules  of  water  of  crystalliza- 
tion. This  will  continue  to  lose  water  and  form  lower  hydrat«s, 
and  finally  the  monohydrate.  The  above  transitions  can  be  readily 
followed,  since  there  is  a  sudden  change  in  the  maximum  tension 
as  we  pass  from  one  hydrate  to  another.  The  tension  of  aqueous 
vajjor  in  passing  from  the  pentaliydrate  to  the  trihydrate,  at  tlio 
temperature  at  which  the  measurements  were  made  (50°),  was  found 
to  be  47  mju.  As  soon  as  the  trihydi'ate  was  reached  the  tension 
of  the  aqueous  vapor  fell  to  30  mm.,  and  the  monohydrate  had  a 
vapor-tension  of  only  4.4  mm.  While  there  is  any  pentahydrate 
present  the  vapor-tension  is  47  mm.,  while  any  of  the  trihydrate 
exists  the  tension  is  30  mm.,  and  so  on,  the  tension  being  that  of 
the  highest  hydrate  present. 

This  method  has  been  used  to  good  purpose  in  discovering  the 
existence  of  new  hydrates,  which  cannot  be  prepared  by  the  ordi- 
nary methods.  The  higher  hydrates  are  dehydrated  at  a  constant 
temperature,  and  the  vapov-pressnre  measured  at  short  intervals 
during  the  process.  Sudden  drops  in  the  vapor-pressure  would 
show  the  existence  of  hydrates  containing  a  definite  number  of 
molecules  of  water. 

We  are  dealing  in  the  above  example  with  equilibrium  between 
three  phases  and  two  components;  the  phases  being  the  higher 
hydrate,  the  lower  hydrate,  and  aqueous  vapor;  the  components 
being  the  anhydrous  salt  and  water.  The  number  of  phases  ex- 
ceeds the  number  of  components  by  one,  and  the  system  is,  there- 
fore, monovariant,  or  has  one  degree  of  freedom.  We  can  vary 
either  the  temperature  or  the  pressure,  but  for  each  temperature 
there  is  a  definite  pressure  of  the  water-vapor. 

If  we  plot  these  curves  in  a  pressure-temperature  diagram,  they 
would  have  the  following  form  (Fig.  61),  the  curves  OC,  OB,  OA, 
corresponding  to  the  penta-,  tri-,  and  mono-hydrates  respectively. 
The  vapor-tension  curve  for  ice  OP,  tor  water  PE,  and  for  solu- 
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tions  saturated  with  the  pentahydrate  P^D  are  added.  Since  a 
solution  has  a  smaller  vapor-pressure  than  the  pure  solvent,  PiD 
falls  below  PEy  and  it  cuts  the  curve  OP  for  the  vapor-tension  of 
ice  at  the  point  Pj,  which  is  the 
cryohydric  point  for  the  solution. 
This  point  represents  equilibrium 
between  the  four  phases, — solution, 
pentahydrate,  ice,  and  vapor, — and 
is,  therefore,  a  quadruple  point. 

If  we  examine  the  regions  we 
see  that  the  anhydrous  salt  can 
exist  in  AOT,  the  monohydrate 
in  AOB,  the  trihydrate  in  BOG, 
the  pentahydrate  in  COP^Dy  dilute 
solutions  of  the  pentahydrate  in 
DPiPE,  water  in  EPF,  and  ice  in 
OPiPF. 

Let  us  turn  next  to  conditions  of  equilibrium  between  two  compo- 
nents and  four  phases.  We  shall  deal  with  hydrated  salts,  i.e.  those 
containing  a  certain  number  of  molecules  of  water.  We  may  have  a 
number  of  such  hydrates  formed  by  the  union  of  one  molecule  of  the 
salt  with  a  varying  number  of  molecules  of  water.  The  hydrate 
containing  a  larger  amount  of  water  may  pass  over,  while  in  solu- 
tion, into  the  hydrate  with  a  smaller  amount  of  water  if  the  tem- 
perature is  raised.  Each  of  these  hydrates  represents  a  definite 
phase,  the  saturated  solution  represents  another  phase,  and  the 
water-vapor  still  another  phase. 

We  shall  study  in  some  detail  the  hydrates  formed  with  ferric 
chloride,  these  having  been  carefully  investigated  by  Roozeboom.* 
He  found  that  there  were  four  hydrates  of  this  substance  containing 
twelve,  seven,  five,  and  four  molecules  of  water,  and  their  melting- 
points  were,  respectively,  37®,  32®.5,  56^,  and  73^5 ;  at  the  melting- 
point  the  liquid  and  the  solid  having  the  same  composition.  If  to  a 
fused  hydrate  anhydrous  salt  is  added  step  by  step,  a  new  hydrate 
will  ma^e  its  appearance  containing  a  smaller  number  of  molecules 
of  water.  This  is  known  as  the  transition  temperature.  Taking 
into  account  the  formation  of  the  highest  hydrate  by  adding  the 
anhydrous  salt  to  wat^er,  and  also  the  transition  temperature  from 
the  lowest  hydrate  to  the  anhydrous  salt,  the  transition  temperatures 
are :  55^  27^4,  30^  55%  66"". 


Zt8chr.  phys.  Cfhem.  10,  477  (1892). 
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Roozeboom  also  determined  the  composition  of  the  saturated 
solutions  of  these  hydrates,  and  from  this  data,  together  with  tha 
raeltiog-points  and  transition  points,  plotted  the  following  curves 
(Fig.  62),'  which  are  given  in  their  original  form.  The  abscissas  are 
temperatures,  the  ordinates  concentration  of  the  solution  expressed 
in  number  of  molecules  of  FejClj'  to  one  hundred  molecules  of  water. 

Starting  from  the  point  A,  which  represents  equilibrium  between 
water  and  ice,  and  adding  the  salt,  the  freezing-point  of  water  is  low- 
ered, and  this  is  represented  by  the  curve  AB.  When  the  tempera- 
ture —  55°  is  reached,  the  solution  is  saturated  with  the  hydrate 
=  FeiCl,12  HjO,'  and  this  separates  together  with  the  ice.  We 
have  here  a  cryohydrate,  and  this  is  the  cryohydric  point  If  more 
salt  is  added,  we  have  then  the  solubility  of  the  dodecahydrate,  a 


this  is  represented  by  the  curve  BO,  the  point  C  being  that  at  which 
this  hydrate  separates  in  solid  foi-m,  the  saturated  solution  and  the 
solid  having  here  the  same  composition.  Since  the  point  of  solidifi- 
cation is  the  same  as  the  melting-point,  this  temperature,  37°,  is  the 
melting-point  of  the  dodecahydrate. 

If  more  salt  is  added  to  the  fused  hydrate,  the  curve  takes  the 
form  CDN,  but  at  the  point  D  a  new  hydrate  makes  its  appearance, 
containing  seven  molecules  of  water.  This  is,  therefore,  a  transition 
point.  The  curve  DN  represents  a  condition  of  metastable  equilib- 
rium. Starting  from  D  and  continuing  to  add  the  salt,  we  have  tha 
heptahydrate  separating  at  E  (32''.5).  We  then  pass  through  the 
transition  point  F  (30°)  into  the  metastable  region  FP.     Startii 

'  Ztichr.  phy».  Chem.  10.  503  (1892). 
>  Sloce  Roozeboom  uses  Fe^CU  ft  will  be  rpta[ncd. 

'  In  conneclion  nllh  these  more  complex  caaes  symbols  are  tr^uently  a 
ioete&d  ot  the  names  of  oompounda  to  BimpUfy  comparisoD  with  the  diagrams. 
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F  and  adding  more  salt,  we  pass  through  the  melting-point  O  (56®) 
to  the  transition  point  H  (55°),  and  so  on  until  K  is  reached,  and 
this  is  the  transition  point  between  the  lowest  hydrate  and  the 
anhydrous  salt.  The  curve  ifZr  represents  the  solubility  of  anhy- 
drous ferric  chloride. 

This  curve  presents  a  number  of  points  of  interest.  It  has  a 
number  of  quadruple  points.  The  transition  points  represent  equi- 
libria between  the  two  hydrates,  the  saturated  solution,  and  water- 
vapor  ;  i.e.  between  four  phases,  and  are  therefore  quadruple  points. 

The  curves  AB,  BCD,  DBF,  FGH,  HIK,  and  KL  represent  solu- 
tions in  stable  equilibrium  with,  respectively,  ice  Fe2Clel2H20, 
FejCleTHjO,  Fe^CleSHA  FeaCle4H20,  and  anhydrous  Fe^Cle.  The 
curves  DO,  DN,  FF,  FM,  and  HR  represent  equilibria  in  metastable 
regions. 

As  Roozeboom  points  out,  the  two  branches  to  each  curve  {BCD, 
DEF,  FGH,  etc.)  show  that  there  are  two  saturated  solutions  of  each 
hydrate  in  equilibrium  with  the  hydrate,  within  certain  limits  of 
temperature,  the  one  containing  more  and  the  other  less  water  than 
the  solid  hydrate.  In  his  own  words :  ^  "  The  solubility  curves  of 
all  the  hydrates  of  ferric  chloride  present  the  phenomena  that  they 
consist  of  two  branches  which  coalesce  in  the  melting-point,  so  that 
at  temperatures  below  the  melting-point  two  kinds  of  saturated  solu- 
tions are  possible,  the  one  containing  more  and  the  other  less  water 
than  the  solid  hydrate. 

"  I  encountered  such  cases  for  the  first  time  with  hydrated  salts 
in  the  hexahydrate  of  calcium  chloride.*  .  .  .  For  me  the  existence 
of  such  solutions  was  only  a  special  case  of  a  general  phenomena." 
Roozeboom  points  out  that  such  solutions  were  to  be  expected  from 
the  thermodynamic  deductions  of  Van  der  Waals. 

One  further  point  must  be  mentioned.  Of  the  four  hydrates  of 
ferric  chloride  only  two  were  known  before  Roozeboom  carried  out 
his  investigation,  the  one  with  twelve  and  the  one  with  five 
molecules  of  water,  and  the  composition  of  the  latter  was  not 
established  with  certainty.  He  found  certain  peculiarities  in  his 
curve,  which  could  not  be  explained  as  due  to  the  dodecahydrate  nor 
to  the  pentahydrate,  and  was  thus  led  to  the  discovery  of  the  hepta- 
hydrate.     In  a  similar  manner  the  tetrahydrate  was  discovered. 

We  see  in  these  facts  the  real  significance  of  the  conception  of 
phases  as  applied  to  problems  in  chemical  equilibrium.  In  this 
case  it  has  led  to  the  discovery  of  two  new  substances,  and  in  other 

1  Ztschr.  phys.  Chem.  10,  486  (1892).  «  ifttd.  4,  34  (1889). 
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cases  to  the  discovery  of  a.  great  number  of  compoundB,  wboee 
existence  could  not  have  been  demonstrated  by  any  of  the  purely 
chemical  methods  applicable  to  such  compounds, 

Eqnilibriiun  between  Fhasea  of  Three  Sabstances.  — Systems  con- 
taining three  components  are  necessarily  much  more  complex  than 
those  containing  a  smaller  number.  A  number  of  such  systems 
have  been  studied,  Schreinemakets '  investigated  the  system  con- 
sisting of  potassium  iodide,  lead  iodide,  and  water.  Meyerhoffet* 
studied  cuprie  chloride,  potassium  chloride,  and  water.  The  system 
which  we  shall  consider  in  some  detail  is  potassium  sulphate,  mag- 
nesium sulphate,  and  water,  investigated  by  Van  der  Heide.' 

The  system  studied  by  Van  der  Heide  consists  of  the  double 
sulphate  of  potassium  and  magnesium,  —  schonite,  having  the  com- 
position K, Mg(S04)j.6H,0,  and  a  newly  discovered  salt,  which, 
from  its  analogy  to  astrakanite,  Na,Mg(S0,)i.4  H,0,  was  called 
potassium  astrakanite,  having  the  composition,  K,Mg(S04),.4  H,0. 
It  was  found  that  potassium  astrakanite  is  formed  from  schonite 
at  92°,  if  potassium  sulphate  is  present ;  it  is  formed  from  schonite 
at  72°,  if  magnesium  sulphate  with  six  molecules  of  water  is 
present 

Magnesium  sulphate  with  seven  molecules  of  water  is  trans- 
formed, in  the  presence  of  schonite,  into  the  sulphate  with  six 
molecules  at  iT'.2.  Schonite  is  formed  from  the  two  sulphates 
at  —  3°.  The  lower  limit  of  investigation  is  —  i'.B,  this  being  the 
cryohydric  point. 

One  of  the  upper  limits  of  investigation  is  102°,  this  being  the 
boiling-point  of  the  solution  saturated  with  potassium  astrakanite 
and  potassium  sulphate. 

The  other  upper  limit  of  investigation  is  103°,  being  the  boil- 
ing-point of  the  solution  saturated  with  potassium  astrakanite, 
and  magnesium  sulphate  with  six  molecules  of  water  of  crystal- 
lization. 

Van  der  Heide  determined  the  solubility  of  sck&nite  in  the  presence 
of  potassium  sulphate.  The  temperatures  between  which  schflnite 
can  exist  are,  —  3°,  where  schonite  breaks  down  into  the  separate 
sulphates,  and  92°,  where  astrakanite  is  formed.  The  sahirated  solu- 
tion of  schonite  at  92°  gave  on  analysis,  to  100  parts  of  solution :  — 


Temp.,  92°,        K^0„  17.6 


MgSO«,  18.7. 


^ZtKhT.phya.  C'ftem.B,  B7  (1882).  'JJid.  (.  07  (1890);  9,  Ml  (1888). 

*Ibid.  12,416  (1393). 
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The  saturated  solution  of  potassium  astrakanite  and  potassium 
siilp?iate  contained  at  98°  the  following  amounts  of  salt :  — 
Temp.,  98°,        K^0„  18,        MgSO„  18.6. 

The  composition  of  the  solution  saturated  taith  ackSnite  and 
magnesium  sulphale  with  seven  moleculea  of  water  was  also  deter- 
mined. Below  —  3°  scbOnite  undergoes  decomposition,  the  formatioB 
of  m^nesium  sulphate  with  seven  molecules  of  water  taking  place 
at  4r.2. 

Temp.,  22°.0,        K,SOj,  8.8,        MgSOj,  20.1. 
Temp.,  47'*.3,        K^0„  9.9,        MgSO^,  27.9. 

The  composition  of  the  saturated  solution  of  schSnite  and  mag- 
nesium svlphxite  with  six  TtwUcvles  of  water  was  found  to  be  as 
follows:     It   i)egins    at  p 

iT'.5  and  ends  with  the  ^^-^l 

formation  of  astrakanite 
at  72», 
Temp.,  72°,  K^O.,  10.7, 

MgSOt,  29. 
Finally,  the  composition 
of  the  saturated  solution 
of  potassium  astraJcanite 
and  magnesium  sulphate 
with  six  molectdes  of 
water  was  asceitained 
and  found  to  be,  — 
Temp.,  72°,  K^0„  10.8, 
Mg80„  29.4. 

The  above  results 
■were  plotted  in  the  fol- 
lowing diagram  (Fig.  63), 
the  abscissas  represent- 
ing temperatures,  the 
ord  inates  concentrati  ons, 
above  of  magnesium  sul- 
phate, below  of  potas- 
sium sulphate. 

Curve  I  represents  the  solubility  of  schonite  and  magnesium 
Bolphate  with  seven  molecules  of  water  existing  between  the  tem< 
peratuie  limits  —3°  and  47°.2. 
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Curve  II,  the  solubility  of  seJiooite  and  magnesium  sulphate   ' 
with  six  molecules  of  water  existing  between  the  temperatures  47°,5 
and  72°. 

Curve  III,  the  solubility  of  potassium  astrakanite  and  magnesium 
sulphate  with  six  molecules  of  water  existing  between  72°  and  103°. 

Curve  IV,  the  solubility  of  schonite  and  potassium  sulphate 
between  —3°  and  92°. 

Curve  V,  the  solubility  of  potassium  aatrakanite  and  potassium 
sulphate  existing  between  92°  and  102°. 

Two  Bohibility  curves  meet  at  every  transition  temperature,  and 
from  each  such  temperature  we  have  a  third  eitrve,  whose  direction 
can  be  determined  from  the  data  already  given. 

Since  the  two  transition  tempei-aliires,  72°  and  92°,  represent 
saturation  with  schonite  and  potassium  astrakanite,  the  curve  joining 
them  (VI)  represents  saturation  with  these  salts. 

Similarly,  curve  VII,  to  the  left  of  the  point  —3%  which  repre- 
sents saturation  with  the  two  sulphates,  KjSOi  and  MgSO, .  7  H^,  is 
the  curve  of  saturation  of  these  salts  below  the  transition  tempera- 
ture. It  is  very  short,  since  it  quickly  ends  in  the  cryohydric 
point,  —  4°.5. 

Curve  Vm  represents  saturation  with  the  two  hydrates  of 
magnesium  sulphate,  the  point  C  corresponding  to  saturation  with 
magnesium  sulphate  alone  at  48^.2;  at  this  point  both  hydrates 
exist  together,  and  the  solution  is  saturated  with  respect  to  both. 

In  addition  to  the  above  eight  curves  we  have  two  starting  from 
the  cryohydric  point  and  three  in  the  boiling-point  region.  These 
are  represented  by  dotted  lines. 

Curve  IX  is  the  ice  line  of  magnesium  sulphate  and  solution, 
terminating  in  the  cryohydric  point  B  (—6)  of  m^fnesium  sulphate. 

Curve  X  is  the  ice  line  of  potassium  sulphate  and  solution,  end- 
ing in  the  cryohydric  point  0(—  1°.2)  of  potassium  sulphate. 

Curve  XI  is  the  boiling-point  line  of  solutions  saturated  with 
potassium  astrakanite.  It  runs  from  102°,  the  boiling-point  of  a 
saturated  sohition  of  potassium  sulphate,  to  103°,  the  boiling-point 
of  a  saturated  solution  of  magnesium  sulphate. 

Curve  XII  is  the  boiling-point  line  of  solutions  saturated  with 
magnesium  sulphate,  ending  at  D  (108°),  which  contains  only  this  salt. 

Curve  XIII  is  the  boiling-point  line  of  solutions  saturated  with 
potassium  sulphate,  ending  at  F'(102°),  which  contains  only  tins  salt 

The  data  for  magnesium  sulphate  and  for  potassium  sulphate  are 
also  represented  by  dotted  lines.  The  line  BCD  runs  from  the 
cryohydric  to  the  boiling-point  of  magnesium  sulphate ;  the  line  GF 
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from  the  cryohydric  to  the  boiling-point  of  potassium  sulphate.  The 
lines  BA  and  GA  represent  all  the  freezing-points  of  solutions  of 
magnesium  sulphate  and  potassium  sulphate  respectively,  meeting 
in  A,  the  freezing-point  of  water.  Ajid,  similarly,  the  lines  DE  and 
FE  represent  all  the  boiling-points  of  solutions  of  these  two  sul- 
phates meeting  in  E,  the  boiling-point  of  water.  Let  us  now  apply 
the  phxise  rule  to  the  above  system. 

We  have  three  components,  MgS04,  K2SO4,  HjO,  and  where  there 
are  four  phases  the  system  is  monovariant.  In  such  a  system 
the  solution  is  always  one  phase  and  the  vapor  another,  and  along 
each  of  the  first  ten  curves  we  have  two  other  phases  represented, 
thus: — 

I.  Schonite  and  magnesium  sulphate  with  7  H2O. 

II.  Schonite  and  magnesium  sulphate  with  6  HjO. 

III.  Potassium  astrakanite  and  magnesium  sulphate  with  6  H2O. 

ly.  Schonite  and  potassium  sulphate. 

Y.  Potassium  astrakanite  and  potassium  sulphate. 

YI.  Potassium  astrakanite  and  schonite. 

YU.  Magnesium  sulphate  +  7  H^O  and  potassium  sulphate. 

Yin.  Magnesium  sulphate  +  7  HjO  and  +  6  HjO. 

IX.  Magnesium  sulphate  -f-  7  H^O  and  ice. 

X.  Potassium  sulphate  -f  ice. 

At  the  points  where  the  lines  meet,  t.e.  at  the  transition  tempera- 
tores,  there  are  five  phases,  solution,  vapor,  and  as  follows :  — 

-  4^6  K2SO4,  MgSO* .  7  H,0,  ice. 

-  3**     KjSO*,  MgSO* .  7  HjO,  schonite. 

47^2  MgSO*  6  H2O,  MgS04 .  7  HjO,  schonite. 
72**    MgS04  •  6  H2O,  astrakanite,  schonite. 
92**    K2SO4,  astrakanite,  schonite. 

The  transition  points  are,  therefore,  "quintuple  points,''  five 
phases  being  in^equilibrium  at  each  of  these  points. 

Within  each  region  or  area  bounded  by  the  curves  we  have  one 
phase,  thus :  — 

(1)  Schonite  region,  I,  II,  YI,  lY. 

(2)  Potassium  astrakanite  region.  III,  YI,  Y,  XI. 

(3)  Potassium  sulphate  region,  lY,  Y,  XIII,  FO,  X,  YII. 

(4)  Magnesium  sulphate  +  7  H,0, 1,  YII,  IX,  BC,  YIII. 

(5)  Magnesium  sulphate  +  6  HA  II,  III,  XII,  DC,  YIII. 

(6)  Ice,  GAB,  IX,  X. 
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We  shall  turn  now  to  the  next  degree  of  complexity,  which  is 
the  last  case  we  shall  consider. 

Eqnilibrinin  between  Phases  of  Fonr  Substances. — The  case  of 

four  components  is  of  special  interest,  since  it  includes  that  large 
class  of  chemical  reactions  known  as  double  decompositions.  The 
case  which  we  shall  study  in  detail  is  that  which  was  investigated 
by  Lowenherz  ^  in  Van't  Hoff's  laboratory.  The  four  substances  are 
potassium  chloride,  potassium  sulphate,  magnesium  chloride,  and 
magnesium  sulphate.  These  really  represent  three  substances,  since 
the  fourth  can  always  be  expressed  by  the  other  three,  thus :  — 


Therefore, 


2  KCl  +  MgS04  =  K2SO4  +  MgCljj. 
K,S04  =  2  KCl  4-  MgS04  -  MgC^ 


KCl 


NaNOl 


The  fourth  substance,  water,  and  the  three  salts  make  four  com- 
ponents. 

Before  taking  up  this  case,  which  is  made  more  complex  by  the 
fact  that  the  constituents  can  combine  with  one  another  and  form 

double  salts,  we  shall 
study  a' simpler  case 
as  Lowenherz  did. 
The  example  which 
he  selected  is,  KCl, 
NaCl,  KNOa,  and 
NaNOs-  The  graphic 
representation  of  any 
given  concentration  is 
as  follows  (Fig.  64) : 
let  the  system  of  four 
axes  meet  in  O,  form- 
ing the  edges  of  a 
regular  octahedron, 
OA,  OB,  OC,  and 
OD,  two  adjoining  axes  making  an  angle  of  60°,  while  two  opposite 
axes  make  an  angle  of  90°. 


If 


OA  represents  the  amount  of  KCl, 
OB  represents  the  amount  of  NaCl, 
OC  represents  the  amount  of  NaNOj 
OD  represents  the  amount  of  KNO3, 


*  Ztschr.  phys.  Chem,  13,  459  (1894). 
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the  composition  at  any  point  P  is  obtained  by  drawing  from  P  a 
parallel  to  DO,  which  cuts  the  plane  OCB  in  A,  and  drawing  AO 
parallel  to  CO,  and  AB  to  BO,  — 

aP  is  the  mass  of  KNOj, 
ac  is  the  mass  of  NaNOa, 
ab  is  the  mass  of  NaCl. 

Since  the  four  salts  can  exist  together  only  at  the  transformation 
temperature,  at  any  other  temperature  we  have  the  following  cases 
of  saturated  solutions  —  solutions  saturated  with  only  one,  two,  and 
three  salts. 


KNO 


NaNO 


KCI 


If  we  take  first 
the  case  where  potas- 
sium chloride  and 
sodium  nitrate  can 
exist  together,  but 
not  sodium  chloride 
and  potassium  ni- 
trate, the  above 
three  kinds  of  solu- 
tions can  be  repre- 
sented by  lines  and 
planes  (Fig.  65). 
The  solubilities  of 
potassium  chloride, 
sodium  chloride,  so- 
dium nitrate,  and  po- 
tassium nitrate  are 
represented  respectively  by  OA,  OB,  OC,  and  OD. 

'  In  the  plane  between  oa  and  ob,  we  have  the  line  apb,  ap  repre- 
senting the  solubility  of  potassium  chloride  in  the  presence  of 
increasing  amounts  of  sodium  chloride,  and  bp  the  solubility  of 
sodium  chloride  in  the  presence  of  increasing  amounts  of  potassium 
chloride;  p  is  the  solution  saturated  with  potassium  chloride  and 
sodium  chloride. 

Similar  conditions  are  represented  by  bqc,  crd,  dsa.  The  closed 
line  apbqcrdsa  represents  solutions  saturated  with  one  salt,  the  points 
Pi  9f  ^>  *>  represent  solutions  saturated  with  two  salts :  — 

p  saturated  with  KCI  and  NaCl. 
q  saturated  with  NaCl  and  NaNOa- 
r  saturated  with  NaNOj  and  KNOj. 
8  saturated  with  KNO3  ^^^  ^(^^- 
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There  are  only  two  solutions  saturated  with  three  salts,  since  by 
aasumptiou  NaCl  and  KNOj  cannot  exist  together.  These  are  P,  cor- 
responding to  KOI,  HaNOj,  and  KaCi ;  and  P^  corresponding  to  KCl, 
NaNOa,  and  KNO.. 

Pj  is  connected  with  p  by  the  curve  of  the  solutions  saturated  with 

NaCl  and  KCl. 
Pi  is  connected  with  q  by  the  curve  of  the  solutions  saturated  with 

NaUl  and  NaNOa-      * 
Pj  is  connected  with  r  by  the  curve  of  the  solutions  saturated  with 

NaNO.  and  KNOj. 
P,  is  connected  with  s  by  the  curve  of  the  solutions  saturated  with 

KNO,  and  KCL 
Pj  is  connected  with  /*,  by  the  curve  of  the  solutions  saturated  with 

KCl  and  NaNO,. 

The  four  planes  represent  saturated  solutions  as  follows:  — 

PjPa  sap  represents  saturation  with  KCl. 
P1P3  rcq  represents  saturation  with  KaNOj. 
Pj  pbq  represents  saturation  with  NaCl. 
Pj  rde  represents  satui-ation  with  KNOj. 

The  figure,  therefore,  represents  the  following  solutions :  — 

Unsaturated  solutions  below  apbqcrdsa  PiPf 
Supersaturated  solutions  above  apbqcrdsa  P,P, 

Saturation  with  one  salt  is  represented  by  the  four  planes  just 
mentioned. 

Saturation  with  two  salts  is  represented  by  the  five  lines  bom 

ing  these  plaues,  also  mentioned  above. 

Saturation  with  three  salts,  the  two  points  /*,  and  P^ 
Ketiiming  now  to  the  case  with  which  we  started  (KCl,  Mg< 
K,aO„  MgSO( .  7  HjO),  we  have  in  addition  to  these  four  salts, 
Bchdnite  formed  by  the  union  of  the  two  sulphates,  carnallite  by  the 
union  of  the  two  chlorides,  and  magnesium  sulphate  with  siic  mole- 
cules of  water.  The  possibilities  of  combinations  of  three  salts  are 
the  following;  — 

A.  schonite,  K^O,  and  KCl. 

B.  schOnite,  MgSO,.  7  H,0  and  KCl. 

C.  MgSO, .  7  H^,  MgSO, .  6  H,0,  and  KCl. 

D.  MgSO^.e  HA  KMgCl,.6  H.O,  and  KCL 

E.  MgSO, .  6  H,0,  MgCl, .  6  H,0,  and  KMgCla .  6  H^ 
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The  horizontal  ptojection  of  the  results  obtained  for  this  system 
is  shown  in  Fig.  66.  The  four  axes  here  also  are  related  as  the 
edges  of  a  regular  octahedron.  These  represent  the  solubilities  of 
the  individual  salts,  —  K,Cla'  K,SOi,  MgSO,,  and  MgCl^  The  lines 
uniting  the  ends  of  these  areas  are  really  curves,  but  for  our  purpose 
they  can  be  represented  as  straight. 

The  line  from  J  to  K  represents  the  solubility  of  K^l,  with 
increasing  amount  of  KjSO^,  the  line  LK  the  solubility  of  K^SOf 


with  increasing  amount  of  KCl ;  the  point  K  where  these  two  lines 
meet  represents  the  solution  saturated  at  the  same  time  with  KCl 
and  K^O,.  The  line  from  L  to  0  represents  the  solubility  of 
KjS04  with  increasing  amount  of  schiinite,  at  M  the  solution  satu- 
rated with  K^O^  and  schonite,  at  N  the  solution  saturated  with 
flch8niteandMgS0,.7  H,0.  The  curve  from  JVto  O  represents  the 
solubility  of  MgSOf.  7  H^,  with  decreasing  amounts  of  schSnite. 
The  line  01  represents  the  solubility  of   MgSOj .  7  HA  with 

>  KiCli  is  used  In  order  that  the  anit  mt,y  rafer  to  corresponding  qnantiUu. 
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increasing  amouiits  of  MgClj,  and  since  the  latter  combines  ^ith  aomM 
of  the  water  the  solution  becomes  more  and  more  concentrated  in 
MgSO, .  6  H  0  iintU  /  is  reached,  when  we  have  saturatiou  with 
the  two  compounds  MgSO, .  7  HjO  and  MgSOj ,  6  U,0-  From  1  up- 
wards we  have  saturatiou  with  MgSO,.  6  H,0,  and  an  ever  increasing 
amount  of  MgClj.  At  H  the  solution  is  saturated  with  respect  to 
MgOl, .  6  H,0  and  MgSO, .  6  H,0.  UP  represents  the  solubility  of 
MgCl,.  6  H,0,  with  decreasing  amount  of  MgSOj.  6  HjO,  and  P  the 
solubility  of  the  first  salt  alone.  The  line  PJ  represents  solutions 
containing  MgCl, .  6  H,0,  with  increasing  amoTints  of  KjCV  At  O  the 
potassium  chloride  has  become  great  enough  to  form  caruallite  j  and 
from  F  to  J^  we  have  the  curve  between  this  salt  and  potassium 
chloride. 

The  five  points  in  the  interior,  constructed  from  the  solubility 
determinations,  are  E,  D,  C,  B,  A.  They  represent  solutions  satu- 
rated with  respect  to  three  salts,  as  follows :  — 


E.  carnallit«,  MgSO. .  6  H,0,  Mga, .  6  H,0. 

D.  carnallite,  MgS04.6H,0,  KCL 

C.  MgSO, .  7  H^,  MgSO, .  6  H/),  KCI. 

B.  MgSO, .  7  H,0,  schenite,  KCI. 

A.  KiSO«  schonite,  KCI. 
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The  seven  fields  represent  the  seven  salts, — K,Cli|K.^SO„  schoQite, 
MgS0,.7H,0,  MgSO,. 6  HA  MgOlj,  and  camallite,  — the  lines 
representing  the  solutions  saturated  with  two  salts. 

The  most  important  applications  of  the  phase  rule  to  systems 
containing  a  number  of  components  have  been  made  in  the  last  few 
years  by  Van't  Hoff  and  his  pupils.  They  have  studied  the  con- 
ditions of  equilibrium  between  complex  systems,  in  order  to  obtain 
some  light  on  the  problem  of  the  formation  of  the  great  salt  beds, 
and  interesting  and  valuable  results  have  already  been  obt^ned.  In 
such  connections  the  phase  rule  has  proved  to  be  of  value.  It  has 
led  to  the  discovery  of  many  new  substances,  and  the  conditions  of 
equilibrium  which  exist  between  them. 

Before  leaving  this  part  of  our  subject,  which  has  to  deal  with 
chemical  equilibrium,  we  must  consider  one  or  two  matters  of  more 
than  ordinary  importance. 

EqnilibrlTun  in  Condensed  Syitema.  —  Van't  Hoff'  has  applied 
the  term  "  condensed  system  '"  to  those  heterogeneous  systems  where 
all  the  components  are  ]i(}uid  or  solid,  there  being  uo  gas  preaeufc 

'^(udes  de  Dt/iinniique  Cliimiqiie 
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These  obviously  include  solids  in  equilibrium  with  themselves  in  the 
fused  condition.  This  is  complete  equilibrium,  since  for  any  given 
temperature  there  is  only  one  pressure  under  which  both  phases  are 
stable.  The  transition  point  in  such  a  system  is,  of  course,  the  melt- 
ing-point of  the  solid. 

Since  we  are  dealing  in  such  systems  only  with  liquids  and  solids, 
the  effect  of  pressure  on  the  transformation  temperature  is  very 
slight,  and  this  is  the  characteristic  of  such  systems. 

Van't  Hoff  ^  cites  as  a  good  example  of  condensed  systems  the 
transformation  of  cyamelide  and  cyanuric  acid :  — 

Cyamelide  ^  ^  cyanuric  acid. 

The  transformation  point  is  about  150°,  and  cyamelide  passes  into 
cyanuric  acid  by  a  simple  rise  in  temperature. 

Beterminatioii  of  the  Transformatioii  Temperature.  — First  Method, 
Since  transformations  in  condensed  systems  are  always  accompanied 
by  volume  changes,  the  specific  volumes  of  the  substances  before  and 
after  the  transformation  being  different,  change  in  volume  has  been 
used  to  determine  just  when  the  transformation  takes  place.  As  an 
example,  take  sulphur;    the  rhombic  modification  has  a  specific 

volume  of  — -—-,  the  monoclinic  a  specific  volume  of 

2.07  ^  1.96 

The  apparatus  used  is  known  as  a  dilatometer,  consisting  of  a 
glass  bulb  attached  to  a  fine  graduated  glass  tube.  The  substance 
whose  transformation  temperature  it  is  desired  to  determine  is  intro- 
duced into  the  bulb,  and  the  remainder  of  the  bulb  filled  with  some 
indifferent  liquid  (say  an  oil),  which  extends  into  the  graduated 
tube.  The  apparatus  is  then  placed  in  a  bath  whose  temperature 
can  be  gradually  raised.  As  the  liquid  in  the  dilatometer  becomes 
warmer  it  expands  gradually,  the  meniscus  rising  at  a  regular  rate 
in  the  graduated  tube.  When  the  transformation  temperature  is 
reached  the  transformation  takes  place,  and  there  is  a  sudden  change 
in  volume  which  manifests  itself  by  a  sudden  change  in  the  level  of 
the  liquid  in  the  graduated  tube. 

It  has  been  recommended  that  a  small  amount  of  the  products  of 
the  transformation  be  added,  in  order  to  insure  transformation  at  the 
true  transformation  temperature.  Otherwise  this  temperature  might 
be  passed  somewhat  before  the  transformation  would  take  place,  just 
as  water  can  be  readily  supercooled  some  degrees  without  the  separa- 
tion of  ice.    If  a  small  fragment  of  ice  is  present,  supercooling  will 

^  £tude8  de  Dynamique  Chimique,  p.  141. 
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be  prevented ;  so,  also,  if  a  small  particle  of  the  product  of  the 
transformatiou  is  present,  it  will  prevent  the  system  from  passing 
over  into  the  metastable  condition,  and  will  cause  the  trana  format  ion 
to  take  place  at  the  true  transformation  te-mfjerature. 

Second  Method.  Transformations  are  accompanied  not  only  by 
volume  changes,  but  also  by  heat  changes.  At  the  transformation 
temperature  heat  is  either  evolved  or  absorbed,  and,  by  determining 
when  this  thermal  change  occurs,  we  can  determine  the  transition 
temperature.  The  substance  in  question  is  placed  in  a  tube,  into 
which  a  thermometer  is  introduced.  The  substance  is  then  warmed 
or  cooled  at  a  fairly  uniform  rate,  and  the  thermometer  noted. 
When  the  transformation  takes  place  there  is  a  thermal  change,  and 
this  is  readily  seen  on  the  thermometer. 

The  general  rule  holds  that  the  system  formed  at  the  higher 
temperature  absorbs  heat. 

Third  Method-.  Another  method  of  determining  transformation 
temperatures  is  based  upon  the  fact  pointed  out  by  Meyerhoffer,' 
that  at  this  temperature  the  solution  of  the  original  substance  is 
identical  with  that  into  which  it  is  transformed.  The  two  solutions 
have  the  same  vapor-tension,  solubility,  etc.  It  is  only  necessary  to 
determine  the  vapor-tension  curves,  or  the  solubility  curves  of  the 
two  substances,  and  then  observe  where  these  become  identical,  i.e. 
where  they  cross.     This  is  the  transformation  temperature. 

Fourth  Method.  Another  important  method  has  been  devised  by 
Cohen,'  based  upon  the  concentration  element  which  was  studied 
under  electrochemistry.  The  element  used  to  study  transformation 
temperatures  was  termed  by  Cohen  the  "transformation  element." 
It  is  simply  a  concentration  element  in  which  the  temperatures  can 
accurately  regulated.     The  following  transformation  was  studii 


ZnSO, .  7  H^O :;rt: ZnSO,.  6  H,0 -I- H,0. 


cani^^ 


The  arrangement  of  the  whole  apparatus  is  shown  in  the  sketch 
(Fig.  67),  which  includes  also  the  thermostat,  T.  A  is  a  rheostat,  S  a 
key,  and  g  the  galvanometer. 

The  vessels  A  and  B  are  filled  with  saturated  solutions  of 
ZnS0i.7H,0.  The  solution  iu  A  is  kept  for  some  time  above  the 
transformation  temperature,  when  ZnSO, .  7  HjO  passes  over  into 
ZnSOcGHjO.  The  element  is  then  placed  in  a  thermostat  at  a  few 
degrees  below  the  transformation  temperature,  and  the  temperature 
gradually  raised  to  the  transformation  point,  the  galvanometer  be- 


'  Zlachr.  phgs.  Chtm.  B,  105  (181)0). 


»  n>iil.  14,  M 


.nometer  be-      g 
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ing  read  every  few  minutes.  As  the  temperature  approaches  that  of 
transformation  the  readings  of  the  galvanometer  become  less  and 
less,  since  the  difference  between  the  concentrations  on  the  two  sides 
of  the  element  becomes  less  and  less.  At  the  transformation  tempera- 
ture the  concentrations  on  the  two  sides  become  the  same,  and,  conse- 
quently, no  current  flows  through  the  galvanometer. 

Since  we  have  a  stable  phase  on  one  side  and  a  metastable  phase  on 
the  other,  this  is  known  as  the  "  transformation  element  with  metastable 
phase,'' 

A  little  later  a  "  transformation  element  without  metastable  phase  " 
was  devised  6y  Cohen  and  Bredig.^    This  element  consists  of  one 


Fio.67. 

electrode  surrounded  by  a  normal  solution  of  a  salt  without  the  solid 
phase  of  the  salt ;  and  on  the  other  side  a  similar  electrode  surrounded 
\}y  B,  saturated  solution  of  the  same  salt  in  the  presence  of  the  stable 
solid  phase  of  the  salt. 

The  electromotive  force  of  such  an  element*  is  a  function  of  the 
solubility  of  the  stable  solid  phase  of  the  salt.  The  temperature 
coeflRcient  of  the  electromotive  force  is,  therefore,  a  function  of  the 
temperature  coeflRcient  of  solubility.  It  is  well  known  that  the  latter 
changes  suddenly  at  the  transformation  temperature,  and,  therefore, 
the  temperature  coeflRcient  of  the  electromotive  force  changes  sud- 
denly at  this  temperature.  , 

If  we  plot  the  electromotive  force  of  this  element  as  a  function 


1  Ztschr.  phys,  Chem.  14,  535  (1894). 
2l 


« /bid.  14,  536(1894). 
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of  the  temperature  both  above  and  below  the  transformatioi 
perature,  the  point  where  the  two  curves  cross  is  the  trans  form  atiou 
temperature  in  question. 

For  Uetaila  in  reference  to  the  apparatus  used  reference  must  be 
had  to  the  original  jiaper. 

Effect  of  Temperatare  oa  Chemical  EquUibriom.  —  When  a  ays- 
tern  is  in  equilibrium  at  one  temperature,  it  does  not  follow,  and  it 
ia  not  generally  true,  that  it  is  in  equilibrium  at  other  temperatures. 
Sometiuies  the  equilibrium  is  displaced  in  the  one,  and  sometimes  in 
the  other,  direction,  the  amount  of  displacement  being  in  some  cases 
very  great,  in  others  very  smalL 

A  generalization  has  been  reached  connecting  change  in  tem- 
perature with  change  in  equilibrium,  which  is  very  important  and 
accords  with  what  we  should  think  would  take  place.  The  effect 
of  rise  in  tempercUure  ia  to  favor  the  formation  of  that  si/slem  wkick 
absorbs  heat  when  it  ia  formed.  An  increase  iu  temperature,  there- 
fore, displaces  the  equilibrium  toward  the  side  of  that  system 
which  ia  formed  with  absorption  of  heat.  Examples  are  very 
abundant,  ordinary  vaporization  being  a  striking  illustration  of 
the  principle,  —  the  higher  the  temperature  the  greater  the  amount 
of  vapor  formed. 

Effect  of  PresBore  on  Chemioal  Equilibrium.  —  The  action  of 
pressure  on  chemical  equilibrium  is  through  the  resulting  change 
in  volume.  Here  also  the  equilibrium  may  be  displaced  in  the  one 
or  the  other  direction,  or  may  be  only  very  slightly  displaced.  A 
generalization  has  been  reached  with  respect  to  the  effect  of  pressure, 
which  is  strikingly  analogous  to  that  just  stated  for  the  effect  of 
temperature. 

Increase  in  pressure  diminishes  the  volume,  and  therefore  favors  the 
formation  of  that  nystem  whidi  occupies  the  smaller  volume.  Equi- 
librium ia,  then,  displaced  by  increase  in  pressure  toward  the  system 
which  occupies  the  lesa  volume. 

If  there  is  no  change  in  volume  when  the  transformation  of  one 
system  into  the  otiier  takes  place,  increase  of  preasure  has  no  influ- 
ence on  the  equilibrium.  So,  also,  if  the  transformation  is  not  ac- 
companied by  change  in  temperature,  which  is  the  same  as  to  say 
that  the  heat  tone  of  each  of  the  two  systems  in  equilibrium  is  the 
same,  rise  in  temperature  would  have  no  influence  on  the  equi- 
librium. 

The  above  two  generalizations  have  been  unified  by  Le  Chatelier* 
as  follows :  — 

'  Les  Squilibrea  Chimiqtiea,  p,  210. 
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"  The  displacement  of  a  system  produced  by  varying  one  of  the 
factors  of  equilibrium  is  defined  by  the  following  law,  which  I  have 
proposed  to  call  the  law  of  opposition  of  action  to  reaction, 

*' Every  cJumge  in  one  of  the  factors  of  equilibrium  prodiices  a  trans- 
formation in  the  system,  through  which  the  fou^tor  in  question  is  changed 
in  the  opposite  direction^' 

EQUILIBRIUM  IN  SOLUTIONS  OF  ELECTROLYTES 

Solubility  and  Dissociation  of  Electrolytes. — When  different  elec< 
trolytes  are  brought  in  contact  with  a  solvent  like  water,  very  dif- 
ferent amounts  dissolve,  depending  upon  the  nature  of  the  substance. 
The  electrolyte  passes  into  solution,  until,  in  a  given  time,  the  same 
amount  dissolves  as  separates  from  the  solution.  The  solution  is 
then  said  to  be  saturated. 

In  saturated  solutions  of  electrolytes,  as  in  all  other  concentrated 
solutions  of  electrolytes,  we  have  both  molecules  and  ions  present. 
The  amount  of  dissociation  depends,  as  we  have  seen,  upon  the 
nature  of  the  compound.  Some  electrolytes,  such  as  the  weak  or- 
ganic acids  and  bases,  are  only  slightly  dissociated  at  moderate 
dilutions,  i.e.  there  are  only  a  few  ions  present  and  many  molecules. 
Other  electrolytes,  such  as  the  strong  acids  and  bases,  and  the  salts, 
are  strongly  dissociated  even  in  the  most  concentrated  solutions 
which  can  be  prepared. 

The  degree  of  dissociation  represents  a  condition  of  equilibrium 
between  the  molecules  and  ions  present  in  the  solution.  When  we 
say  that  an  electrolyte  in  normal  solution  is  dissociated  fifty  per- 
cent, we  mean  that  when  half  the  molecules  are  broken  down  into, 
ions  there  is  equilibrium  between  the  ions  and  the  molecules 
present. 

The  condition  of  equilibrium  between  molecules  and  ions,  like 
other  conditions  of  chemical  equilibrium,  represents  not  a  static  but 
a  dynamic  condition.  This  is  not  a  condition  where  a  certain  num- 
ber of  molecules  have  dissociated,  and  the  resulting  ions  and  re- 
maining molecules  are  in  equilibrium;  but  we  must  consider  the 
molecules  as  continually  dissociating  into  ions,  and  the  ions  as 
continually  uniting.  When  equilibrium  is  reached,  the  same  num- 
ber of  molecules  dissociate  in  a  given  time  as  are  reformed  by 
combinations  of  the  ions.  In  a  sense,  we  have  here  two  opposite 
reactions,  the  one  involving  the  breaking  down  of  molecules  into 
ions,  the  other  the  recombination  of  the  ions  to  form  molecules ;  and 
each  reaction  proceeds  with  its  own  definite  velocity.    When  the 
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velocities  of  the  two  opposite  reactions  become  equal,  equilibriutj^^^ 
established. 

We  know  already  of  one  condition  which  can  greatly  influence 
this  state  of  equilibrium.  The  amount  of  dissociation,  i.e.  the  ratio 
between  the  number  of  dissociated  and  undissociated  molecules,  is 
changed  with  every  change  in  the  dilution  of  the  solution.  The 
number  of  molecules  dissociated  into  ions  increases,  as  we  have  seen, 
with  increase  in  the  dilution  of  the  solution. 

We  would  naturally  ask  whether  there  are  any  other  conditions 
which  can  affect  the  amount  of  tbe  dissociation  of  electrolytes  ? 
There  is  one  which  has  proved  to  be  of  very  great  importance  in 
connection  with  the  whole  subject  of  electrolytic  dissociation,  and 
this  we  must  study  with  care  before  leasing  the  subject  of  chemical 
equilibrium. 

Solubility  as  affected  by  an  Electrolyte  with  a  Common  Ion.  — 
We  must  first  ask  what  effect  does  the  addition  of  an  electrolyte 
with  a  common  ion  have  on  the  solubility  of  the  electrolyte  in  ques- 
tion ?  To  make  this  question  clear  by  an  example,  what  effect  on 
tbe  solubility  of  potassium  chlorate  would  the  addition  of  any  solu- 
ble potassium  salt  or  any  soluble  chlorate  have  ?  Potassium  chlo- 
rate dissociates  thus :  — 

KC10s  =  K+Cl6.i 
any  potassium  salt  represented  by  KA  woidd  dissociate  thus:—, 

KA  =  K  4-  A  i 
any  chlorate  represented  by  MClOj,  thus:  — 
MClO,  =  M  +  ClO^ 

The  second  electrolyte  would  yield  an  ion  in  common  with  the  first. 
This  question  has  been  satisfactorily  answered  by  experiment. 
If  to  a  saturated  solution  of  potassium  chlorate  dry  potassium  chlo- 
ride is  added,  some  of  the  potassium  chlorate  is  precipitated  from 
the  solution,  showing  that  its  solubility  has  been  diminished  by  the 
presence  of  an  electrolyte  with  a  common  cation.  Similar  results 
were  obtained  when  dry  sodium  chlorate  was  added  to  a  saturated 
solution  of  potassium  chlorate.  Some  of  the  latter  salt  was  precipi- 
tated, showing  that  its  solubility  was  diminished  by  the  presence  of 
an  electrolyte  with  a  common  anion. 

Again,  prepare  a  saturated  solution  of  potassium  or  sodium  chlo- 
ride, and  pass  in  dry  hydrochloric  acid  gas.  This  dissolves  and, 
yields  the  common  ion,  chlorine.     The  result  is  that  s 
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potassium  or  sodium  chloride  is  precipitated  from  the  solution. 
This  fact  has  long  been  known,  and  has  been  utilized  as  a  means  of 
purifying  chlorides,  but  its  relation  to  other  things  was  entirely  con- 
cealed. So  much  by  way  of  qualitative  demonstration  of  the  prin- 
ciple, that  the  presence  of  a  compound  which  yields  a  common  ion 
diminishes  the  solubility  of  the  compound  in  question. 

We  must  now  study  this  phenomenon  quantitatively ,  and  see  what 
relations  exist  between  the  amount  of  the  substance  with  a  common 
ion  which  is  added,  and  the  amount  by  which  the  solubility  of  the 
original  electrolyte  is  diminished. 

The  Bednctioii  of  Nemst  —  Nernst^was  the  first  to  solve  this 
question  quantitatively  from  the  theoretical  standpoint.  He  applied 
the  law  of  mass  action  as  follows :  *  If  we  start  with  binary  electro- 
lytes which  are  completely  dissociated,  the  product  of  the  active 
masses  must  be  constant,  and  equal  to  the  square  of  the  solubility 
of  the  salt  without  the  addition  of  a  foreign  substance.  This  he 
termed  m^,  and  the  solubility  of  the  salt  after  the  addition  of  the 
second  substance  with  a  common  ion  m,  the  amount  of  the  sec- 
ond salt  added,  in  gram  molecules  per  litre,  being  x :  — 

m(m  H- ic)  =  mo*  (1) 

The  dissociation,  however,  is  not  complete  in  solutions  with  which 
we  ordinarily  have  to  deal,  and  this  must  be  taken  into  account. 

Let  Oo  be  the  dissociation  of  the  first  substance  in  saturated  solu- 
tion before  the  second  is  added ;  let  a^  be  the  dissociation  of  the 
added  substance  and  a  the  dissociation  of  the  first  substance  in  the 
presence  of  the  second;  we  must  then  multiply  these  factors  into 
the  above  equation,  when  it  becomes  — 

ma(ma  -f  xai )  =  moOo'  (2) 

This  formula  simply  expresses  the  fact  that  the  product  of  the 
masses  of  the  ions  is  constant. 

If  we  turn  our  attention  to  the  undissociated  portion,  we  find  the  fol- 
lowing relations :  Since  m^^o^  represents  the  dissociated  portion  of  the 
original  electrolyte,  m<,(l  —  Oq)  is  the  undissociated  portion ;  and  since 
ma  is  the  dissociated  portion  after  the  second  electrolyte  is  added,  the 
undissociated  portion  is  m(\  —  a).  The  solubility  of  the  undissoci- 
ated portion  is  constant,  and  therefore  we  have  — 

mo(l  —  ao)  =  m(l  —  a).  (3) 

1  Ztsehr,  phys,  Chem.  4,  372  (1889).  «  Ibid.  p.  379. 
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Solving  equations  (2)  and  (3)  for  m,  we  have  — 


m 


(4) 


If  a  =  a^,  equation  (4)  becomes  — ^ 

This  equation  enables  us  to  calculate  the  solubility  in  the  presence 
of  a  second  salt  with  a  common  ion,  from  the  solubility  in  pure  water 
the  amount  of  the  second  salt  added,  and  the  amounts  of  dissociation 
of  the  original  substance  and  the  added  substance. 

Nernst  tested  his  equation  in  a  few'cases,  and  found  that  it  held 
approximately  for  the  solubility  of  one  substance  in  the  presence  of 
another. 

Solubility  Experiments  of  Noyes.  —  The  above  equation  was  tested 
experimentally  by  Noyes,*  who  applied  it  to  a  number  of  substances. 
One  of  the  first  systems  investigated  by  Noyes  was  silver  bromate 
with  silver  nitrate,  and  with  potassium  bromate.*  The  following 
results  were  obtained :  — 


Amount  AoNOg  or 

KBrOj  Addrd  to 

A  Saturated  Solution 

or  AgBrOs 

Solubility  op 
AgBrOj  in  tiik  Pres- 
ence OF  AoNOg 

SoLUBiLmr  OP 
AoBeOs  in  tub  Pres- 
ence OP  KBeOs 

Solubility 
Calcilatbd 

0. 

0.0085 

0.0346 

0.00810 
0.00510 
0.00216 

0.00810 
0.00519 
0.00227 

0.00504 
0.00206 

The  solubility  of  silver  nitrate  in  the  presence  of  an  electrolyte  with 
a  common  ion  agrees  very  well  with  that  calculated  by  means  of  the 
above  equation.  It  should  be  observed  also  that  both  electrolytes 
diminish  the  solubility  of  the  silver  nitrate  to  just  about  the  same 
extent,  and  that  a  very  small  quantity  of  either  produces  a  great 
lowering  of  the  solubility. 

Other  experiments  were  carried  out  with  thallium  salts  which  are 
especially  well  adapted  to  this  purpose,  because  they  are  not  very 
soluble.  Thallium  nitrate  in  the  presence  of  potassium  nitrate, 
thallium  bromide  in  the  presence  of  thallium  nitrate,  and  thallium 
sulphocyaiiate  in  the  presence  of  thallium  nitrate  and  of  potassium 


1  Ztschr.phys,  Chem.  6.  241  (1890). 
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sulphocyanate  were  studied.  The  agreement  between  the  solubility 
of  the  electrolyte  in  the  presence  of  the  second  electrolyte  with  a 
common  ion,  as  found  and  as  calculated,  is  only  fairly  satisfactory; 
the  solubility  as  calculated  being  several  per  cent  less  than  the  value 
found,  and  the  difference  increases  as  the  quantity  of  the  second 
electrolyte  present  increases. 

This  discrepancy  must  be  due  to  one  of  the  following  causes : 
Either  the  deduction  of  Nernst  is  incorrect,  or  dissociation  as  calcu- 
lated from  conductivity  measurements  is  not  the  true  value  of  the 
dissociation  of  electrolytes. 

The  first  assumption  is  scarcely  possible  since  Nernst's  deduction 
is  based  directly  upon  the  law  of  mass  action,  and  Noyes  concluded 
that  conductivity  is  not  a  true  measure  of  dissociation.  This  con- 
clusion Noyes  thought  was  strengthened  by  the  fact  that  the  Ostwald 
dilution  law  does  not  apply  to  strongly  dissociated  electrolytes  as 
measured  by  the  conductivity  method. 

Noyes  investigated  the  influence  of  a  number  of  ternary  electro- 
lytes, and  obtained  results  similar  to  those  found  with  binary  elec- 
trolytes. 

Having  convinced  himself  that  the  conductivity  method  is  not  a 
true  measure  of  dissociation,  he  reversed  the  above  procedure  and 
used  the  influence  of  one  salt  on  the  solubility  of  another  with  a 
common  ion  as  a  measure  of  the  dissociation  of  the  latter. 

Diflsooiatioii  of  Electrolytes  as  measured  by  Change  in  Solubility. 
—  From  the  above  discussion  it  is  obvious  that  solubility  determi- 
nations can  be  used  to  measure  dissociation.^  Take  the  two  funda- 
mental solubility  equations,  (a  =  a^), 

w  (m  -f  a;)  a*  =  mo^Oo^y 
and  m(l  — a)  =  W(,(l  — o^), 

and  solve  them  for  a,  eliminating  o^. 


X 


Vt.$ 


a  is  the  dissociation  of  the  salt  in  the  presence  of  the  added  salt,  and 
is  equal  to  the  dissociation  of  the  salt  alone  in  water  at  the  concen- 
tration (m  -f  ic).  From  experimental  data  it  is,  then,  perfectly  simple 
to  calculate  the  dissociation  of  the  salt  in  question  by  means  of  the 
above  equation.  This  was  done  by  Noyes  at  first  for  hydrochloric 
acid  in  the  presence  of  thallous  chloride,  since  the  latter  is  only  fairly 

1  Noyes  :  Ztschr,  phys.  Chem,  6,  269  (1800). 
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soluble  in  water,  and  the  above  and  similar  relations  hold  onlj^ 
fairly  dilute  solutions.  The  results  for  the  dissociation  of  hydro- 
chloric acid  and  thallous  nitrate,  as  determined  by  the  solubility 
method,  did  not  agree  with  the  dissociation  of  the  same  substances  at 
the  same  dilution  as  determined  by  the  conductivity  method.  Noyes 
introduced  the  dissociation  values  as  found  by  solubility  into  the 
Ostwald  equation  (dilution  law),  and  obtained  a  fairly  satisfactory 
constant  for  a  strongly  dissociated  electrolyte  like  thallous  nitrate. 
It  looked,  therefore,  as  if  the  Ostwald  dilution  law  would  hold  also 
for  strongly  dissociated  electrolytes,  when  the  true  values  for  the 
dissociation  of  such  substances  were  ascertained. 

A  little  later'  Noyes  carried  out  an  elaborate  investigation  along 
the  same  line,  using  thallous  chloride  as  the  salt  with  which  to 
saturate  the  solution,  and  then  adding  one  and  another  of  the  soluble 
chlorides,  and  determining  their  dissociation.  In  this  calculation  it 
was  necessary  to  know  the  dissociation  of  the  thallous  chloride  in 
order  to  calculate  that  of  tilie  chloride  which  was  added  to  its  satu- 
rated solution,  and  which  precipitated  a  certain  amount  of  the  thal- 
lous chloride.  ^Noyes  assumed  that  the  dissociation  of  thallous 
chloride  is  the  same  as  that  of  the  alkali  chlorides,  and,  as  we  shall 
see,  made  a  slight  error  which,  however,  affected  all  of  hia  calcula- 
tions. He  determined  the  dissociation  of  potassium,  sodium,  and 
ammonium  chlorides  by  means  of  the  solubility  method,  and  when 
the  values  for  potassium  chloride  were  introduced  into  the  Ostwald 
equation,  a  very  good  constant  was  obtained ;  while  the  law  does  not 
hold  at  all  if  the  dissociation  as  measured  by  conductivity  is  used. 

Noyes  also  measured  the  dissociation  of  a  number  of  ternary 
chlorides  by  the  solubility  method.  These  included  magnesium, 
calcium,  barium,  manganous,  zinc,  cadmium,  mercuric,  and  cupric 
chlorides.  With  most  of  these  thallous  chloride  was  used  as  the  less 
soluble  substance  with  which  to  saturate  the  solution,  but  in  some 
cases  lead  chloride  was  employed. 

The  most  important  result  of  this  investigation  was  that  the 
dissociation  of  electrolytes,  as  measured  by  the  solubility  method, 
differed  from  the  dissociation  of  the  same  solutions  of  the  same  sub- 
stances as  measured  by  the  conductivity  method.  The  results  of  the 
measurements  of  dissociation  by  solubility  showed  that  the  Ustwald 
dilution  law  applied  at  least  to  a  large  number  of  strongly  dissociated 
electrolytes,  while  from  the  measurements  of  dissociation  by  the  con- 
ductivity method  the  law  did  not  apply  at  all  to  this  large  and  most 


1  Ztschr. phi/s.  Chem.  D,  <Wl  (m>2). 
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important  class  of  electrolytes.  Taking  all  of  the  facts  into  account, 
Noyes  was  led  to  the  conclusion  that  the  conductivity  method  is  not 
an  accurate  measure  of  the  dissociation  of  strongly  dissociated  elec- 
trolytes. It  seemed  probable,  however,  that  the  conductivity  method 
was  capable  of  measuring  the  dissociation  of  weakly  dissociated  com- 
pounds with  a  fair  degree  of  accuracy. 

Thus  the  problem  stood  at  this  time  (1892).  There  were  two 
methods  available  for  measuring  electrolytic  dissociation, — the  con- 
ductivity and  the  solubility  method,  —  and  these  gave  different  results. 
The  problem  of  determining  accurately  the  amount  of  dissociation 
was  of  fundamental  importance  for  the  advancement  of  physical 
chemistry,  and  the  only  two  methods  available  for  measuring  disso- 
ciation gave  widely  different  results.  What  was  to  be  done  in  the 
light  of  this  serious  discrepancy? 

At  the  suggestion  and  under  the  guidance  of  Ostwald,  Jones  ^  im- 
proved the  freezing-point  method  of  Beckmann  until  it  could  be  used 
to  measure  electrolytic  dissociation.  He  applied  it  to  a  number  of 
acids,  bases,  and  salts  at  dilutions  ranging  from  0.1  normal  to  0.001 
normal,  and  obtained  results  for  the  dissociation  of  these  substances 
which  agreed  very  well  with  those  obtained  by  the  conductivity 
method.  This  still  did  not  clear  up  the  problem  of  measuring  dis- 
sociation, since  we  then  had  two  methods  of  measuring  dissociation 
which  gave  concordant  results,  viz.  the  conductivity  method  and  the 
freezing-point  method,  and  the  solubility  method  which  gave  very 
different  results. 

Noyes*  then  extended  his  work  with  the  solubility  method  in 
company  with  Abbot,  and  found  that  his  original  assumption  that 
thallous  chloride  is  dissociated  to  the  same  extent  as  the  alkali  chlo- 
rides, was  not  correct.  He  then  determined  the  dissociation  of  thal- 
lous chloride,  and  when  he  inserted  this  value  into  the  equation,  and 
calculated  the  dissociation  of  the  chloride  which  had  been  added  to  the 
saturated  solution  of  thallous  chloride,  the  results  for  the  dissociation 
of  the  latter  agreed  satisfactorily  with  those  obtained  by  the  conduc- 
tivity and  freezing-point  methods.  Thus  was  the  whole  problem  of 
measuring  electrolytic  dissociation  cleared  up,  and  to-day  we  have 
the  three  methods, — conductivity,  freezing-point,  and  solubility, — 
all  giving  concordant  results. 

It  is  a  remarkable  coincidence  that  the  results  originally  obtained 
by  Noyes  from  the  solubility  method,  when  inserted  into  the  Ost- 

1  Ztschr,  phys.  Chem.  11,  110,  629 ;  12,  623  (1893). 
«/Wd.  16,  125  (1896).    Ibid.  26,  162  (1898). 
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wald  equation  gave  fairly  good  constants,  and  thus  indicated  that 
Ostwald's  dilution  law  held  also  for  strongly  dissociated  electrolytes. 
Indeed,  it  was  this  fact  more  than  any  other  which  confirmed  Noyes 
in  the  belief  that  the  conductivity  method  was  not  a  true  measure  of 
the  dissociation  of  strongly  dissociated  substances,  and  that  his  solu- 
bility method  gave  the  more  accurate  results.  The  applicability  of 
the  Ostwald  dilution  law  to  strongly  dissociated  electrolytes,  we  know 
to-day,  was  only  apparent,  subsequent  work  by  all  the  methods  of 
measuring  dissociation  showing  that  it  does  not  hold  at  all. 

"When  it  was  found  that  the  three  methods  mentioned  above  gave 
concordant  results  for  the  dissociation  of  electrolytes,  it  was  a  matter 
of  great  relief  to  all  who  were  working  on  this  problem,  not  simply 
because  these  fundamental  values  were  placed  beyond  question,  but 
a  great  number  of  relations  were  thus  cleared  up.  Each  method  was 
based  upon  a  different  principle ;  and  while  there  was  discordance  in 
the  results,  there  was  more  or  less  confusion  and  doubt  in  many 
directions. 

Summary  of  the  Discnflsion  of  Eqnilibrinm. — The  fundamental 
idea  underlying  the  study  of  chemical  equilibrium  is  that  it  is  dy- 
namic. Equilibrium  in  chemical  reactions  was  studied  first  as  a  spe- 
cial case  of  the  velocities  of  reactions,  where  the  velocities  of  the  two 
opposite  reactions  are  equal.  The  phase  rule  was  then  briefly  dis- 
cussed, and  a  few  of  its  simpler  applications  to  systems  containing 
one  component,  two  components,  three  components,  and  four  compo- 
nents. Equilibrium  was  studied  where  two  conditions  are  variable,  say 
temperature  and  pressure,  and  also  when  three  conditions  are  variable, 
say  temperature,  pressure,  and  volume,  and  the  corresponding  diagrams 
plotted.  Some  of  the  applications  of  the  phase  rule,  not  simply  as  a 
system  of  classification,  but  as  a  direct  guide  in  experimental  work, 
were  considered.  This  was  seen  to  be  the  case  especially  where  the 
number  of  components  is  large,  or  where  the  older  methods  of  inves- 
tigation are  insufficient  on  account  of  the  comparative  complexity  of 
the  phenomena  dealt  with.  The  methods  of  determining  the  tem- 
perature of  transformation  were  considered,  also  the  effect  of  temper- 
ature and  pressure  on  chemical  equilibrium,  and  then  attention  was 
directed  to  a  special  case  of  equilibrium  which  has  proved  to  yield 
extremely  important  results.  This  refers  to  the  effect  of  one  salt  on 
the  sohibility  of  another  with  a  common  ion,  which  has  led  to  an 
important  method  of  measuring  electrolytic  dissociation. 


CHAPTER  X 

BflZSASUREMENTS  OF  CHEMICAL  ACTIVIT7 

METHODS  EMPLOYED  AND  SOME  OF  THE  RESULTS 

OBTAINED 

Oreat  Differences  in  the  Activities  of  Substances.  —  The  student 
of  chemistry  recognizes  at  the  very  outset  the  great  differences 
between  the  chemical  activities  of  different  substances.  Some  sub- 
stances react  with  the  greatest  ease,  and  often  with  violence,  while 
others  do  not  react  at  all;  and  all  intermediate  stages  of  activity 
exist.  Take  the  action  of  acids  on  metals.  Some  acids  act  on  a 
given  metal  very  readily,  others  act  more  slowly,  while  others 
scarcely  act  at  all. 

A  problem  which  has  attracted  the  attention  of  chemists  from 
early  times  is  the  measurement  of  the  relative  activities  of  sub- 
stances. When  we  review  the  history  of  chemistry  we  find  "  affinity 
tables,"  as  we  have  seen,  obtained  by  a  number  of  methods.  These 
are  mainly  of  historical  interest  to-day,  since  many  of  the  methods 
which  were  used  were  either  not  accurate  or  did  not  measure  the 
quantities  alone  with  which  they  were  supposed  to  deal. 

The  importance  of  this  problem  is  obvious,  since  if  we  knew  the 
relative  affinities  of  all  chemical  substances,  we  should  be  in  a  posi- 
tion to  say  just  what  would  take  place  when  such  substances  were 
brought  into  the  presence  of  one  another.  We  believe  that  at  pres- 
ent we  have  methods  of  solving  this  problem  in  a  large  number  of 
cases,  and  such  will  be  considered  in  this  chapter  together  with 
some  of  the  more  important  results  which  have  been  obtained. 

Principles  upon  which  the  Measurement  of  Chemical  Activity  is 
Based.  —  In  the  study  of  chemical  dynamics  we  saw  that  reactions 
proceed  with  very  different  velocities  under  conditions  which,  at 
first  sight,  seem  comparable.  Take  the  inversion  of  cane  sugar 
by  acids,  the  velocity  of  inversion  depends  greatly  upon  the  nature 
of  the  acid  used.  If  we  use  the  same  quantities  of  different  acids, 
the  velocities  will  vary  from  acid  to  acid,  and  may  be  a  hundred 
times  as  great  for  one  acid  as  for  another.     Take,  on  the  other 
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hancij  the  saponification  of  eaters  by  bases ;  the  velooity  depeilifl 
upon  the  nature  of  the  base  used,  and  varies  greatly  from  one  base 
to  another.  The  velocity  with  which  a  reaction  proceeds  has  been 
used  as  a  measure  of  the  chemical  activities  of  the  substances  which 
take  part  in  the  reaction.  If  we  ai'e  dealing  with  reactions  lite  the 
above,  and  measure  the  velocities  with  which  a  number  of  acids 
invert  cane  sugar,  or  a  number  of  bases  saponify  an  ester,  we  have 
at  once  the  relative  activities  of  the  acids,  or  bases,  in  question. 
This  is  known  as  the  di/namiaU  method  of  measuring  chemical  affinity. 

When  we  were  studying  the  conditions  of  chemical  equilibrium, 
we  saw  that  some  reaiitions  proceed  very  far  before  equilibrium  is 
reai-'hed,  while  in  others  equilibrium  is  established  when  only  a 
small  part  of  the  substance  has  undergone  transformation.  We 
recall  that  equilibrium  in  a  chemical  reaction  represents  that  con- 
dition where  the  two  opposite  reactions  have  equal  velocities. 
Knowing  the  eonditiona  which  exist  when  equilibrium  has  been 
established,  we  can  calculate  the  relative  activities  of  the  substances 
which  take  part  in  the  reactions.  This  method  of  measuring  chemi- 
cal activity  is  known  as  Ike  e(i}iilibriu7ii  or  sluticai  method. 

The  Dynamical  Kethods  of  measuriii^  Chemical  Affinity.  {A) 
Inversion  of  Cane  Sugar. —We  have  already  seen  that  acids  in 
the  presence  of  watei'  iiave  the  power  of  causing  cane  sugar  to  take 
up  a  molecule  of  water  and  then  breaking  down  into  glucose  and 
fructose.  This  catalytic  reaction  was  found  to  take  place  with  very 
different  velocities  when  different  acids  were  used,  and  I^weuthal 
and  Lenssen,"  as  early  as  1862,  used  this  reaction  to  measure  the 
relative  activities  of  acids.  They  determined  the  velocities  with 
which  a  number  of  acids  invert  sugar,  and  also  the  effect  of  the 
presence  of  a  number  of  substances  on  the  velocity  of  inversion. 
Their  work  was,  however,  shown  to  be  open  to  certain  objections, 
and  Ostwald'  carried  out  an  extensive  investigation  on  the  velocity 
with  which  cane  sugar  is  inverted  by  different  acids,  using  the 
polarimeter  to  measure  the  amount  of  inversion. 

He  calculated  the  inversion  coefficients  by  the  method  with  which 
we  are  now  familiar,  — 


CB. 


In- 


and  showed  that  they  are  identical  with  the  activity  coefficients  c 
tlie  acids  used.     That  such  is  the  case  will  be  seen  after  we  study 


J  Joiirn.  prakt.  Chem.  SB,  321,  401  (1862). 
*Ibid.  [2],  B9.  385  (1884). 
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methods  for  measuring  the  activity  coefficients  directly.  A  few  of 
the  results  obtained  for  the  inversion  coefficients  of  some  of  the  more 
common  acids  are  given  below,  hydrochloric  acid  being  taken  as 
unity :  — 

IXVKBSION  GOKFnCIKirTS 

Hydrochloric  acid 1.000 

Nitric  acid 1.000 

Ethylsulphuric  acid 1.000 

Hydrobromic  acid 1.114 

Chloric  acid 1.036 

Benzenesulphonic  acid 1.044 

Sulphuric  acid 0.536 

Formic  acid 0.0163 

Acetic  acid 0.0040 

Monochloracetic  acid 0.0484 

Dichloracetic  acid 0.271 

Trichloracetic  acid 0.764 

Oxalic  acid 0.1857 

Succinic  acid 0.00545 

Citric  acid 0.0172 

Phosphoric  acid 0.0621 

Arsenic  acid 0.0481 

(B)  Saponification  of  Methylacetate. —  Methylacetate  and  simi- 
lar esters  in  the  presence  of  water  at  ordinary  temperatures,  undergo 
a  slow  decomposition  into  the  acid  and  alcohol.  If  a  strong  acid  is 
present,  the  decomposition  takes  place  much  more  rapidly ;  indeed, 
its  velocity  may  be  increased  a  hundred  times,  or  even  more  than 
this. 

The  acid  which  is  added  to  the  ester  does  not  undergo  any  change. 
It  acts  catalytically.  The  active  mass  of  the  ester  is  the  only  sub- 
stance which  changes  as  the  reaction  proceeds,  and,  therefore,  the 
reaction  is  of  the  first  order.     The  constant  is  — 

CJ5  =  -ln     ^ 


t      A  —  X 

« 

This  equation  was  tested  experimentally  by  Ostwald,^  who  used 
this  reaction  to  measure  the  relative  activities  of  acids,  and  BC  was 
found  to  be  a  constant  for  this  reaction  through  a  long  interval  of 
time. 

Ostwald  worked  out  the  velocity  coefficients  of  a  large  number 
of  acids  by  means  of  the  above  reaction.  A  few  of  his  results  are 
given  below :  — 

1  Joum.prakt.  Chem.  [2],  88,  449  (1883). 
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YsLOorrr  GosfTioiKiffTB 

Hydrochloric  acid 1.000 

Nitric  acid 0.915 

Ethylsulphuric  acid 0.987 

Hydrobromic  acid 0.983 

Chloric  acid 0.944 

Benzenesulphonic  acid  .        .        .        .        .  0.991 

Sulphuric  acid 0.641 

Formic  acid 0.0131 

Acetic  acid 0.00345 

Monochloracetic  acid 0.0430 

Dichloracetic  acid 0.2304 

Trichloracetic  acid         .        .        .        .        .  0.6820 

Oxalic  acid 0.1746 

Succinic  acid 0.00496 

Citric  acid      . 0.01636 

A  comparison  of  the  velocity  coefficients  obtained  by  the  methyl- 
acetate  method,  with  the  inversion  coefficients  obtained  by  the 
method  involving  the  inversion  of  cane  sugar,  shows^  general  agree- 
ment between  the  two  sets  of  values.  Both  of  these  methods  can  be 
used  to  measure  the  relative  activities  of  substances. 

(C)  The  Decomposition  of  Amides.  —  Another  dynamic  method 
has  been  used  to  measure  the  relative  activities  of  acids.  This  in- 
volves the  action  of  acids  on  amides.  Water  alone  decomposes  an 
amide  like  acetamide,  in  the  sense  of  the  following  equation :  — 

CH3CONH2  -h  H,0  =  CHaCOONH^. 

This  reaction,  however,  takes  place  very  slowly. 

If  an  acid  is  added  the  velocity  of  the  reaction  is  increased,  and 
very  greatly  increased  if  the  acid  is  strong.  In  the  presence  of  an 
acid  the  reaction  takes  place  as  follows :  — 

CH3CONH2  +  H2O  -h  HCl  =  CHgCOOH  4-  NH4CI, 

both  the  acid  and  amide  being  used  up. 

Since  the  active  masses  of  two  substances  undergo  change,  we 
have  a  reaction  of  the  second  order;  and  we  have  seen  that  in  a 
reaction  of  the  second  order  the  activity  coefficients  are  related  as 
the  square  roots  of  the  velocity  coefficients. 

Since  equivalent  quantities  of  acid  and  amide  are  used  up  in  the 
reaction,  the  constant  is  — 

t  A  —  x 

Although  side  reactions  come  into  play  somewhat  as  the  above 
reaction  proceeds,  their  influence  at  the  outset  is  small,  and  very 
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nearly  the  true  velocity  coefficients  for  the  different  acids  can  be 
obtained  by  studying  the  decomposition  of  amides  at  the  very  out- 
set of  the  reaction. 

The  following  are  the  velocity  coefficients  for  a  number  of  acids, 
obtained  by  means  of  the  method  involving  the  decomposition  of 
acetamide :  — 

Velocity  CoKFFiciKim 

Hydrochloric  acid         ....  1.000 

Nitric  acid 0.956 

Hydrobromic  acid         ....  0.972 

Sulphuric  acid 0.647 

Formic  acid 0.00532 

Acetic  acid 0.000747 

Monochloracetic  acid    ....  0.0295 

Dichloracetic  acid         ....  0.245 

Trichloracetic  acid        ....  0.670 

Oxalic  acid 0.169 

Tartaric  acid 0.0121 

Succinic  acid 0.00195 

Citric  acid 0.00797 

Phosphoric  acid 0.0449 

If  we  compare  the  results  obtained  by  the  amide  method  with 
those  obtained  by  saponifying  an  ester,  we  see  that  the  two  sets  of 
values  agree  for  the  strong  acids,  although  quite  different  temperatures 
were  used  in  the  two  sets  of  experiments.  For  the  weak  acids  the 
results  obtained  by  the  amide  method  are  the  smaller,  and  this  is 
just  what  we  would  expect,  since  the  presence  of  the  neutral  salt 
formed  in  the  reaction  diminishes  the  velocity  with  which  the  amide 
is  decomposed. 

The  three  dynamic  methods  give,  then,  essentially  the  same 
results  for  the  activity  coefficients  of  acids ;  we  shall  now  study  the 
application  of  one  dynamic  method  to  the  relative  activities  of  bases. 

(Z>)  Saponification  of  Esters  by  Bases.  —  An  ester  like  ethyl- 
acetate  is  saponified  by  a  base  in  terms  of  the  following  equation:  — 

CHsCOOCjHfi  -h  KOH  =  CHaCOOK  +  C.HsOH. 

The  reaction  was  first  used  by  Warder  ^  to  measure  the  relative 
activities  of  bases,  and  afterward  more  extensively  applied  by 
Reicher.* 

A  few  of  the  velocity  coefficients  of  the  more  common  bases  are 
given  below  •.. — 

1  Amer.  Chem.  Joum.  8,  340  (1882).  »  Lieb.  Ann.  228,  267  (1886). 


THE  ELEMENTS  OF  PHYSICAL  CHEMISTRY 


Potasaium  hydroxide 2.298 

SoUimn  hydroxide 2.307 

AmmoDium  hydroxide .         ....  O.Ull 

Barium  liydroxide 2.144 

Strontium  hydroxide 2.204 

The  most  striking  feature  in  the  above  resiiltB  is  that  ammoi 
is    such    a   weak,   base    in    comparison    with    potassi 
hydroxide.     We  shall  see  that   this  result   is  confirmed   by  other 
methods. 

We  shall  now  leave  the  dynamic  methods  of  measuring  relative 
activities,  and  pass  to  the  static  or  equilibrium  methods. 

The  Static  or  Equilibrium  Methodg  of  meaiuriug  Eelative  ActlT- 
ities.  (1)  Thermochemical  Method.  —  These  methods,  as  already 
stated,  allow  the  substances  whose  relative  activities  are  to  be  meas- 
ured to  come  to  equilibrium,  aiid  then  determine  the  conditions  of 
the  equiiibriiim.  If  the  reaction  is  heterogeneous,  a  solid  entering 
into  the  reaction  or  being  formed  as  the  result  of  the  reaction,  it  is 
a  simple  matter  to  determine  the  conditions  which  exist  when  equi- 
librium is  established.  It  is  only  necessary  to  determine  the  amount 
of  the  solid  present,  or  to  8ej>arate  the  heterogeneous  constituents, 
and  detenniiie  their  amounts  by  any  of  the  ordinary  chemical 
methods.  If,  on  the  other  hand,  the  reaction  is  homogeneous,  the 
problem  of  determining  the  amoimts  of  the  constituents  when  equi- 
librium is  established  is  far  more  difficult.  It  frequently  happens 
that  the  constituents  cannot  be  readily  separated  by  chemical  means, 
and  resort  must  be  had  to  some  indirect  method  of  determining  the 
quantities  present.  The  change  in  some  physical  property  which 
can  be  readily  measured  has  been  frequently  utilized  to  determine 
the  conditions  of  equilibrium  in  a  homogeneous  reaction. 

Julius  Thomsen  used  the  thermal  change,  or  heat  tone  of  a  reac- 
tion, to  measure  the  relative  activities  of  the  substances  which  take 
part  in  the  reaction.  If  the  heat  of  neutralization  of  a  base,  say 
sodium  hydroxide,  by  an  acid,  say  hydrochloric  acid,  is  different 
from  the  heat  of  neutralization  of  the  same  amount  of  the  same 
base  under  the  same  conditions,  by  a  different  acid,  say  sulphuric 
acid,  it  is  quite  simple  to  determine  the  division  of  the  base  between 
the  two  acids  by  means  of  the  heats  of  neuti'aliiation.  We  must 
know  the  heat  of  neutralization  of  the  first  acid  by  the  base,  also 
the  heat  of  neutralization  of  the  second  acid  by  the  base,  and  in 
addition  the  heat  set  free  when  both  acids  are  brought  simul- 
taneously into  contact  with  the  base.     Let  us  call  these  quantities, 
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respectively,  JV^,  Ng,  and  Ng.  If  all  of  the  base  went  to  the  first  acid, 
Ng  would  be  equal  to  JVi.  If  all  of  the  base  went  to  the  second 
acid,  Ng  would  be  equal  to  Ni,  But  if  part  of  the  base  goes  to  one 
acid  and  part  to  the  other,  as  is  always  the  case,  Ng  will  lie  some- 
where between  Nj  and  Njt.  By  simple  proportion  we  can  tell  at  once 
how  much  of  the  base  has  gone  to  each  acid,  and  thus  we  have  the 
relative  activities  of  the  two  acids.  In  practice  one  acid  is  allowed 
to  act  on  the  salt  of  the  other  acid,  but  the  principle  is  as  indicated 
above. 

We  can,  of  course,  reverse  the  above  procedure,  and  neutralize 
one  acid  by  two  bases  separately,  and  then  by  both  bases  simultane- 
ously, and  from  the  data  thus  obtained  calculate  the  relative  strengths 
of  the  bases.  In  this  way  tables  of  the  relative  strengths  or  activ- 
ities of  acids  and  bases  can  be  worked  out  by  thermochemical  meas- 
urements. In  such  investigations,  however,  side  reactions  may  come 
into  play,  and  such  must  of  course  be  taken  into  account  wherever 
they  appear. 

It  should  be  mentioned  again  in  connection  with  this  method, 
that  thermochemical  measurements  are  difficult  to  make  with  even  a 
fair  degree  of  accuracy,  and  this  method  is  never  used  to-day,  since, 
as  we  shall  see,  far  simpler  and  more  accurate  methods  are  now 
available  for  measuring  chemical  activity. 

(2)  Volnme-chemical  Method.  —  Just  as  chemical  reactions  are 
accompanied  by  thermal  change,  so,  also,  are  they  accompanied  by 
change  in  volume.  When  a  solution  of  an  acid  is  brought  in  con- 
tact with  a  solution  of  a  base,  the  resulting  volume  is  different  from 
the  sum  of  the  volumes  of  the  two  solutions.  There  is  usually  a 
contraction  in  volume  under  such  conditions. 

Ostwald  *  has  utilized  the  change  in  volume  produced  in  chemical 
reactions  to  determine  the  relative  activities  of  acids  and  bases,  in 
a  manner  strictly  analogous  to  that  of  Thorn  sen  just  described. 
When  a  given  base  is  neutralized  by  different  acids,  different  changes 
in  volume  result.  Ostwald  has  utilized  these  differences  to  deter- 
mine just  how  much  of  a  base  goes  to  each  acid,  or  of  an  acid  to 
each  base ;  and  thus  the  relative  activities  of  acids  and  bases.  It  is 
only  necessary  to  know  the  change  in  volume  when  the  base  is  neu- 
tralized by  one  acid,  the  change  in  volume  when  the  base  is  neutral- 
ized by  the  second  acid,  and  the  change  in  volume  when  the  base  is 
neutralized  by  both  acids  simultaneously. 

In  practice  we  do  not  proceed  as  described  above,  but  allow  one 

^Journ.prakt.  Chem.  [2],  18,  328  (1878). 
2m 
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acid  to  act  on  the  salt  of  the  other  acid.  The  above  procedure  was 
described  because  it  is  exactly  the  same  in  principle  as  that  which 
was  actually  employed  in  the  experiment^  and  is  far  simpler  to  com- 
prehend. 

The  volume-chemical  method  is  greatly  to  be  preferred  to  the 
thermochemical,  because  of  the  ease  with  which  it  can  be  carried 
out.  It  is  not  necessary  to  measure  the  change  in  volume ;  it  is  suf- 
ficient to  measure  the  change  in  density  or  specific  gravity,  and  this 
can  be  done  very  readily  by  any  of  the  ordinary  specific  gravity 
methods.  The  method  employed  by  Ostwald  consists  in  weighing 
the  solution  in  a  modification  of  the  Sprengel  pycnometer  devised 
by  himself.  The  method  when  carried  out  in  this  manner  becomes 
one  of  the  simplest  laboratory  methods  of  which  we  can  conceive. 

It  has  been  stated  that  in  both  of  the  above  methods  one  acid  is 
allowed  to  act  on  the  salt  of  another  acid,  and  from  the  division  of 
the  base  between  the  two  acids  the  relative  strengths  of  the  acids 
determined.  At  first  thought  this  statement  is  liable  to  lead  to  con- 
fusion. It  will  be  recalled  at  once  that  when  sulphuric  acid  acts  on 
a  dry  chloride,  like  sodium  chloride,  practically  all  of  the  hydro- 
chloric acid  is  displaced  by  the  sulphuric  acid ;  and  when  sulphuric 
acid  acts  on  dry  nitrates,  practically  all  of  the  nitric  acid  is  driven 
out.  This  might  be  thought  to  indicate  that  sulphuric  acid  is  in- 
finitely strong  with  respect  to  hydrochloric  or  nitric  acid. 

Again,  when  hydrogen  sulphide  is  allowed  to  act  on  a  soluble 
chloride  or  nitrate  of  a  heavy  metal,  the  insoluble  sulphide  is  pre- 
cipitated, and  in  many  cases  quantitatively.  From  this  it  might  be 
concluded  that  hydrogen  sulphide  is  a  much  stronger  acid  than 
hydrochloric  or  nitric. 

A  moment's  thought  will  show  that  these  conclusions  are  neces- 
sarily erroneous.  The  error  lies  in  not  taking  into  account  the  fact 
that,  under  these  conditions,  a  volatile  compound  is  formed  in  the  first 
case  and  escapes  from  the  field  of  action,  its  active  mass  being, 
therefore,  reduced  to  zero ;  while  in  the  second  case  an  insoluble 
compound  is  formed  and  separates  from  the  solution. 

In  order  to  test  the  relative  activities  of  two  acids  or  bases,  by 
allowing  one  to  act  on  the  salt  of  the  other,  the  two  acids  or  bases  in 
question  must  be  under  comparable  conditions,  i,e,  the  active  masses 
of  both  must  be  equal.  This  can  be  secured  by  working  with  solu- 
tions where  everything  is  in  solution  before  the  reaction  takes  place, 
and  remains  in  solution  after  the  reaction  is  over  and  equilibrium  is 
established.  If  we  work  with  equivalent  quantities  of  substances, 
under  these  conditions  their  active  masses  are  equal,  and  the  division 
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of  the  base  between  two  acidS;  or  of  the  acid  between  two  baseS; 
gives  at  once  the  relative  activities  of  the  acids  or  bases  in  question. 

(3)  Other  Equilibrinm  Methods  of  measuring  Belative  Activities.  — 
The  two  methods  discussed  above  utilize,  respectively,  the  thermal 
change  and  the  volume  change  produced  in  chemical  reactions.  In  a 
similar  manner,  the  change  in  any  other  physical  property  produced 
by  chemical  action  may  be  used  to  determine  the  conditions  which 
exist  when  equilibrium  has  been  established.  A  number  of  other 
properties  have  been  utilized  for  this  purpose,  such  as  the  change 
in  the  refractive  power  of  the  solution,  in  its  color,  in  its  power  to 
rotate  the  plane  of  polarized  light,  etc. ;  but  no  new  principle  is  in- 
volved in  these  methods,  and  many  of  them  are  of  limited  applica- 
bility. These  will  not  be  discussed  in  detail,  since  the  equilibrium 
methods,  as  well  as  the  dynamic  methods  of  measuring  relative 
chemical  activities,  have,  in  general,  given  place  in  the  last  few 
years  to  a  method  which  is  more  accurate  and  far  easier  to  carry 
out  in  practice  than  any  method  thus  far  considered.  This  is  the 
method  with  which  we  are  already  familiar,  based  upon  the  electri- 
cal conductivity  of  substances. 

The  Conductivity  Method  of  measuring  Chemical  Activity. — Since 
it  has  been  shown  that  chemical  activity  is  due  only  to  ions,  it  is  but 
necessary  to  determine  the  relative  number  of  ions  present  in  order 
to  determine  chemical  activity.  The  problem  of  measuring  chemical 
activity  reduces  itself,  then,  to  the  measurement  of  electrolytic 
dissociation. 

The  conductivity  method  of  Kohlrausch  and  its  application  to  the 
measurement  of  electrolytic  dissociation  have  been  considered  at 
sufficient  length;  it  only  remains  to  discuss  some  of  the  results 
which  have  been  obtained. 

The  strong  mineral  acids  are  dissociated  to  just  about  the  same 
extent.  These  include  hydrochloric,  nitric,  hydrobromic,  chloric,  and 
a  few  others.  The  strong  bases,  such  as  sodium,  potassium,  calcium, 
lithium,  and  rubidium  hydroxides,  are  dissociated  to  just  about  the 
same  extent,  and  to  about  the  same  extent  as  the  strong  acids  under 
the  same  conditions.  The  salts  are,  in  general,  strongly  dissociated 
compounds.  They  are  dissociated  to  very  nearly  the  same  extent  as 
the  strong  acids  and  bases.  There  are,  however,  some  exceptions 
among  the  salts ;  those  of  cadmium  and  mercury,  and  zinc  to  a  less 
degree,  are  dissociated  much  less  than  the  other  salts.  Indeed,  some 
of  the  salts  of  mercury,  such  as  the  chloride  and  cyanide,  are  scarcely 
dissociated  at  all.  The  above  statement,  nevertheless,  applies  to 
most  of  the  salts,  including  those  of  very  weak  acids,  such  as  car- 
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bonic  and  hydrocyanic,  potassium  carbonate  and  cyanide  being 
quite  strongly  dissociated  compounds. 

Since  dissociation  and  chemical  activity  are  proportional,  when 
we  speak  of  a  compound  as  being  strongly  dissociated  we  mean  one 
whose  chemical  activity  is  great.  Since  conductivity  has  been  used 
to  measure  chemical  activity,  we  use  the  terms  '^  dissociation "  and 
"  chemical  activity ''  as  synonymous. 

When  we  turn  to  the  organic  acids  and  bases,  we  find  nearly  all 
degrees  of  activity  represented.  Some  of  the  organic  acids  as  formic, 
oxalic,  trichloracetic,  and  the  like  are  quite  strong;  while  acids  like 
acetic,  succinic,  citric,  hydrocyanic,  are  very  weakly  dissociated  com- 
pounds.* 

Similarly,  when  we  deal  with  the  organic  bases,  we  find  that  many 
of  the  substituted  ammonias  are  strongly  dissociated  substances, 
while  ammonia  itself  is  a  very  weak  base. 

When  we  were  studying  the  conductivity  method  itself,  and  its 
application  to  electrolytes,  we  saw  that  the  molecular  conductivity 
and,  consequently,  the  dissociation  increased  with  the  dilution  of  the 
solution.  In  order  that  the  results  obtained  by  this  method  for 
different  substances  should  be  comparable,  we  must,  therefore,  work 
at  the  same  dilutions,  and  this  is  always  taken  into  account  in 
applying  the  conductivity  method  to  the  measurement  of  chemical 
activity.  The  magnitude  of  the  influence  of  dilution  will  be  seen 
when  we  recall  that  a  normal  solution  of  a  strong  acid,  base,  or  salt 
is  about  eighty  per  cent  dissociated ;  while  a  thousandth's  normal  is 
completely  dissociated. 

The  importance  of  the  dilution  laws  is  especially  great,  in  connec- 
tion with  the  application  of  the  conductivity  method  to  the  measure- 

«^ 
ment  of  chemical  activity.     Take  the  law  of  Rudolphi,  t^ r — —  = 

constant,  which  applies  to  strongly  dissociated  electrolytes.  The 
value  of  the  constant  is  a  measure  of  the  chemical  activity  of  the 
substance. 

Take  the  weakly  dissociated  compounds  —  the  organic  acids  and 
bases  —  to  which  the  dilution  law  of  Ostwald  applies.     The  value  of 

the  constant  in  the  equation, =  constant,  has  been  used  as  a 

direct  measure  of  the  strength  of  the  acid  and  base,  as  we  have  seen. 

^  For  details  in  connection  with  the  strengths  of  organic  acids  and  bases  see 
Ostwald  ;  Ztschr.  phys.  Chem.  8, 170,  241,  369  (1889);  and  Bredig:  Ibid.  18,  289 
(1894). 
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In  comparing  the  strengths  of  organic  acids  and  bases  by  means 
of  the  conductivity  method,  we  can  measure  the  dissociations  at  the 
same  dilutions  and  compare  the  results,  or  we  can  measure  the  dis- 
sociations at  any  dilutions,  substitute  the  values  in  the  Ostwald 
dilution  law,  and  compare  the  values  of  the  constants  obtained. 
The  latter  mode  of  procedure  is  usually  adopted  because  it  is  simpler 
and  more  convenient. 

The  same  remarks  apply  to  the  strongly  dissociated  compounds. 

We  thus  see  how  the  conductivity  method  can  be  used  to  measure 
chemical  activity ;  we  shall  now  learn  what  influence  composition  and 
constitution  exert  on  the  chemical  activities  of  substances. 

EFFECT  OF  COMPOSITION  AND  CONSTITUTION  ON 

CHEMICAL  ACTIVITY 

Composition  as  conditioning  Acidity.  —  We  have  already  seen 
from  the  periodic  system  what  elements  are  in  general  acid-forming, 
and  what  are  base-forming.  In  this  connection  we  should  look  a 
little  more  closely  into  this  question,  and  inquire  not  only  into  the 
qualitative  influence  of  the  different  elements,  but  the  magnitude  of 
the  influence  which  they  exert.  This  is  now  quite  a  simple  matter, 
since  we  have  such  convenient  methods  for  measuring  chemical 
activity. 

If  we  look  at  the  history  of  acids,  we  shall  find  that  for  a  long 
time  it  was  thought  that  acid  properties  are  due  entirely  to  the 
presence  of  oxygen.  Indeed,  the  name  of  this  element  means  acid- 
former.  According  to  the  earlier  views  it  was  impossible  to  have  an 
acid  without  the  presence  of  oxygen.  So  firmly  rooted  did  this  idea 
become,  that  when  hydrochloric  acid  was  discovered  it  was  thought 
that  it  must  contain  oxygen,  notwithstanding  the  fact  that  no  oxy- 
gen could  be  detected  in  its  molecule.  The  only  possibility  of  the 
presence  of  oxygen  was  that  it  was  combined  with  the  chlorine,  so  it 
was  said  that  chlorine  must  contain  oxygen  and  be  an  oxide,  and  not 
an  element.  It  was  regarded  as  the  oxide  of  an  unknown  element 
"  murium,"  whence  the  name  muriatic  acid. 

We  know  to-day  that  oxygen  as  such  has  nothing  to  do  directly 
with  acidity.  The  cause  of  acid  properties  is  the  hydrogen  ion. 
Wherever  we  have  hydrogen  ions  we  have  acid  properties,  and 
wherever  we  have  acid  properties  we  have  hydrogen  ions.  The 
strength  or  activity  of  acids  depends  entirely  upon  the  number  of 
hydrogen  ions  present  in  their  solutions  —  upon  the  dissociation. 

If  acid  properties  depend  entirely  upon  the  hydrogen  ions,  how 
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do  other  elements  affect  acidity  at  all  ?  What  do  we  mean  by  an 
acid-forming  element  ? 

Elements  other  than  hydrogen  do  not  affect  acidity  directly,  but 
they  may  affect  it  very  greatly  indirectly,  in  that  they  may  facilitate 
or  retard  the  dissociation  which  yields  the  hydrogen  ions.  When 
we  say  that  an  element  is  acid-forming,  we  simply  mean  that  it 
facilitates  the  dissociation  of  hydrogen  from  the  molecule  in  which 
it  is  present. 

If  we  examine  the  strength  of  aci^s  in  the  light  of  these  newer 
conceptions,  we  shall  find  some  surprising  results  even  among  the 
well-known  compounds.  Take  first  the  fcmr  TicUogen  acids,  we  have 
been  accustomed  to  regard  them  all  as  very  strong;  perhaps,  with 
the  exception  of  hydriodic  acid,  which  is  somewhat  weaker,  we  have 
regarded  them  as  about  of  equal  strength.  If  we  compare  their 
conductivities  at  the  same  dilutions,  we  find  the  following  values :  — 


Volumes 

HCl 

HBr 

HI 

HF 

4 

343 

354 

353 

27.8 

16 

362 

.   367 

367 

42.5 

256 

378 

380 

381 

129.0 

1024 

380 

380 

379 

210.0 

4096 

376 

372 

373 

295.0 

We  see  that  hydrochloric,  hydrobromic,  and  hydriodic  acids  are 
of  about  the  same  strengths  for  all  dilutions  from  four  litres  to  four 
thousand ;  but  hydrofluoric  acid  is  very  much  weaker,  especially  in 
the  more  concentrated  solutions.  As  the  dilutions  become  greater 
the  hydrofluoric  acid  continues  to  dissociate,  and  approaches  more 
nearly  to  the  values  of  the  other  acids. 

Effect  of  Oxygen  and  Sulphur  on  Acidity.  —  Let  us  take  next  two 
very  weak  acids, — hydrogen  sulphide  and  hydrocyanic  acid, — and 
see  how  the  introduction  of  oxygen  into  the  one  and  of  sulphur  into 
the  other  affect  the  acidity. 

Hydrogen  sulphide  is  a  very  weak  acid  indeed,  as  has  been  shown 
by  the  few  conductivity  measurements  which  have  been  made  by 
Ostwald.*  When  oxygen  is  introduced  into  hydrogen  sulphide,  we 
have  first  sulphurous  acid  and  then  sulphuric  acid.  In  order  that 
the  influence  of  oxygen  in  the  molecule  may  be  seen,  the  conductivi- 

1  Journ.  prakt.  Chem.  32,  300  (1885)  ;  88,  352  (1886). 
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ties  of  hydrogen  sulphide,  sulphurous  acid,  and  sulphuric  acid,  as 
far  as  they  have  been  determined  at  comparable  dilutions,  are  given 
below :  — 


YoLums 

H^ 

H,S0a 

H,804 

A*» 

**• 

**• 

16 

0.70 

— 

407.0 

32 

0.91 

177.5 

448.0 

266 

— 

279.0 

682.0 

1024 

— 

324.7 

649.0 

Sulphurous  acid  is  obviously  much  stronger  than  hydrogen  sul- 
phide, and  sulphuric  acid*  much  stronger  than  sulphurous.  The 
introduction  of  oxygen  into  the  molecule  of  hydrogen  sulphide  has 
thus  very  greatly  increased  the  acidity,  which  is  the  same  as  to  say 
has  greatly  facilitated  the  dissociation  of  hydrogen  from  the  molecule. 

Let  us  see  what  influence  the  introduction  of  sulphur  into  the 
molecule  of  hydrocyanic  acid  has  on  its  acidity.  Comparing  the 
conductivities  of  hydrocyanic  acid  and  sulphocyanic  acid,  as  deter- 
mined by  Ostwald,*  we  have :  — 


Volumes 

HON 

H8CN 

M» 

'*• 

4 

033 

337 

8 

0.38 

346 

16 

0.43 

362 

32 

0.46 

368 

The  introduction  of  sulphur  into  the  molecule  of  hydrocyanic 
acid  has  increased  its  acidity  several  hundred  times.  Indeed,  hydro- 
cyanic acid  is  scarcely  an  acid  at  all,  while  sulphocyanic  acid  is  to  be 
ranked  among  the  very  strong  acids,  as  will  be  seen  from  the  results 
of  the  conductivity  measurements. 

It  might  be  concluded  from  the  above  results  that  the  introduc- 
tion of  oxygen  or  sulphur  into  a  molecule  always  increased  the 
acidity.  Such  might  be  the  case,  but  the  data  thus  far  examined  are 
too  few  to  justify  any  such  conclusion.     Let  us  examine  a  number  of 

1  If  the  molecular  conductivities  of  sulphuric  acid  are  compared  with  those 
of  hydrochloric  acid  at  the  same  dilutions,  it  will  be  seen  that  the  former  are 
much  the  greater.  This  is  because  sulphuric  acid  splits  off  two  hydrogen  ions, 
both  of  which  take  part  in  the  conductivity.  It  is  only  a  little  more  than  half  as 
strong  as  hydrochloric  acid.  ^  Loc.  ciL 
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other  cases.    Take  the  acids  of  phosphorus^  where  we  have  a  number 
of  members  differing  by  an  oxygen  atom. 


YOLUMBS 

H.PO. 

H,PO, 

H.PO* 

A*» 

A*» 

M« 

2 

131 

121 

60 

8 

194 

176 

90 

32 

264 

241 

146 

128 

314 

296 

226 

612 

330 

329 

297 

2048 

346 

339 

336 

Here  the  acidity  continually  decreases  as  the  amoimt  of  oxygen 
increases,  which  is  exactly  the  opposite  of  what  we  found  with  the 
acids  derived  from  hydrogen  sulphide  by  the  introduction  of  oxygen. 
The  evidence  bearing  upon  the  effect  of  oxygen  on  acidity  seems  con- 
flicting.    What  conclusion  are  we  to  draw  ? 

If  we  examine  a  great  number  of  cases,  we  find  that  the  introduc- 
tion of  oxygen  usually  increases  the  acidity;  sometimes  it  has  little 
or  no  influence  on  the  acidity  of  the  compound,  and  in  a  few  cases 
like  the  above  it  actually  diminishes  the  acidity  of  the  compound 
into  which  it  enters. 

An  examination  of  the  acids  into  which  sulphur  enters  shows  that 
the  effect  of  the  presence  of  sulphur  is  to  increase  acidity.  Some 
other  influence,  as  change  in  the  constitution  of  the  compound  pro- 
duced by  the  introduction  of  sulphur,  may  offset  the  influence  of  the 
sulphur  atom ;  but  this  is  of  course  a  different  matter,  and  does  not 
detract  from  the  truth  of  the  above  statement. 

Organic  Acids  and  their  Substitution  Products.  —  Thus  far  we  have 
considered  mainly  inorganic  acids.  The  effect  of  composition  on  the 
strength  of  organic  acids  can  be  seen  best  by  studying  homologous 
series  of  the  fatty  acids,  and  then  some  of  the  substitution  products  of 
these  acids.  Take  first  the  formic  acid  series,  and  compare  the  molec- 
ular conductivities  of  the  first  five  members  at  the  same  dilutions  :  — 


Formic 

Acetic 

Propionic 

BrTYKIC 

Valkric 

VOU'MES 

Acid 

Acid 

Acid 

Acid 

Acid 

t^v 

t^v 

**• 

Mr 

^» 

8 

16.22 

4.34 

3.66 

3.80 

— 

82 

29.31 

8.65 

7.36 

7.70 

7.94 

128 

66.64 

10.99 

14.60 

16.27 

16.70 

1024 

134.70 

46.00 

38.73 

40.62 

41.90 
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These  results  show  that  formic  acid  is  much  stronger  than  any 
succeeding  member  of  the  series.  The  acidity  of  the  following 
members  does  not  change  very  appreciably  with  increase  in  the  com- 
plexity of  the  molecule ;  there  is,  perhaps,  a  slight  decrease  in  the 
acidity  as  the  molecule  becomes  more  complex. 

Take  the  first  three  members  of  the  oxalic  acid  series,  —  oxalic, 
malonic,  and  succinic  acids,  —  and  compare  their  conductivities  in  a 
similar  manner :  — 


Volumes 

Oxalic  Acid 

Malunic  Acid 

Succinic  Acid 

^» 

^» 

**• 

16 

— 

63.07 

11.40 

128 

324 

128.6 

31.28 

612 

364 

208.8 

60.61 

2048 

409 

204.6 

109.6 

In  this  series  the  decrease  in  acidity  with  increase  in  complexity 
is  very  marked  indeed.  Oxalic  acid  is  much  stronger  than  malonic, 
and  malonic  is  a  much  stronger  acid  than  succinic. 

Turning  to  the  substituted  acids  of  the  formic  acid  series  Ostwald  ^ 
has  measured  the  conductivities  of  the  chloracetic  acids  and  of  mono- 
bromacetic  add.  His  results  are  given  in  the  following  table,  to- 
gether with  those  of  acetic  acid  itself  for  the  sake  of  comparison :  — 


Volumes 

ACKTIC 

Acid 

monociiloracetic 
Acid 

DiCIlLORACETIC 

Acid 

Tbichloracbtic 
Acid 

MONOB  ROM  acetic 

Acid 

32 

8.66 

72.4 

253.1 

**• 
323.0 

68.7 

128 

16.99 

127.7 

317.5 

341.0 

122.3 

612 

32.2 

206.8 

352.2 

353.7 

199.2 

1024 

46.0 

249.2 

360.1 

356.0 

241.2 

From  acetic  acid  and  its  chlorsubstitution  products  we  see  the 
effect  of  substituting  hydrogen  in  the  methyl  group  by  chlorine. 
The  acidity  is  greatly  increased  by  the  presence  of  the  first  chlo- 
rine atom;  it  isf  still  further  increased  by  the  presence  of  the 
second  chlorine  atom,  and  trichloracetic  acid  is  a  very  strong  acid 
indeed.  Bromine,  like  chlorine,  also  greatly  increases  the  acidity  of 
acetic  acid,  and  to  nearly  the  same  extent. 

1  Ztschr.phys.  Chem.  8,  176-178  (1899). 


538 


THE  ELEMENTS  OF  PHYSICAL  CHEMISTRY 


Ostwald^  next  studied  tlie  effect  of  introducing  an  oosygen  atom  into 
the  radical  on  the  acidity  of  the  compound.  Take  acetic  acid,  and 
its  monoxygen  derivative,  glycolic  acid ;  — 


VoLrMss 

Aovno  Acid 

Oltcouc  Acid 

32 

128 

1024 

8.66 
16.99 
46.0 

24.79 

47.60 

116.70 

The  introduction  of  an  oxygen  atom  into  acetic  acid  increases  the 
acidity  many  times. 

Take  propionic  acid  and  compare  its  acidity  with  its  oxygen 
derivatives :  — 


VOLUMXS 

Pbopionio  Acid 

Lactic  Acid 

^-OxTPBOPioNio  Acid 

16 

128 

1024 

6.21 
14.60 
38.73 

IS 
16.46 
44.47 
109.70 

« 

7.88 
21.90 
67.80 

Here  we  have  two  monoxy-derivatives  to  deal  with,  depending 
upon  which  group  (CHj  or  CH,)  the  oxygen  enters.  If  it  enters  the 
CHj  group,  the  acidity  is  greatly  increased ;  if  the  CH,  group,  the 
acidity  is  increased,  but  not  to  the  same  extent.  Here  we  encounter 
the  efiFect  of  constitution  on  acidity ;  but  more  of  this  later. 

Turning  next  to  the  oxysuecinic  acids,  we  have  the  monoxygen 
derivative  or  the  malic  acids,  and  the  dioxy -derivative  or  tartaric 
acids.  Ostwald^  has  also  measured  the  conductivities  of  these  sub- 
stances, and  the  following  data  are  taken  from  his  results :  — 


VoLrMES 

SrcciNic  Acid 

Malic  Acid 

</-Tartaric  Acid 

*^v 

t^v 

**• 

32 

16.03 

37.90 

67.60 

128 

31.28 

71.62 

106.20 

612 

69.61 

128.10 

184.60 

2048 

109.60 

313.0 

291.1 

1  Ztschr.phys.  Chem.  3,  183  (1889). 

2  Ibid.  3,  370-372  (1889). 
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The  introduction  of  oxygen  into  succinic  acid  also  increases  the 
acidity  to  a  marked  extent.  The  introduction  of  one  oxygen  atom 
more  than  doubles  the  acidity,  while  the  introduction  of  a  second 
oxygen  atom  still  further  increases  the  acidity,  especially  in  the 
more  concentrated  solutions. 

The  influence  of  the  presence  of  the  nitro  group  is  seen  by  com- 
paring the  conductivity  of  an  acid  like  benzoic  acid  with  the  con- 
ductivity of  mononitro  benzoic  acid :  — 


VOLUMXS 

Bknzoic  Acid 

O-NlTROBKNZOIO  AOID 

f^v 

t^v 

128 

29.70 

206.3 

266 

42.20 

246.1 

612 

67.61 

283.3 

1024 

78.94 

312.3 

The  presence  of  the  nitro  group  greatly  increases  the  acidity  of 
the  compound  into  which  it  enters. 

The  presence  of  the  amido  group  has  the  opposite  effect,  as  we 
would  expect.  Comparing  the  conductivities  of  benzoic  acid  and 
l>-amidobenzoic  acid,  we  see  that  this  conclusion  is  justified  by  the 
facts :  — 


VoLums 

Benzoic  Acid 

p*Aiiii>oBKNZoic  Acid 

64 

266 

1024 

• 

**• 
21.39 

42.20 

78.94 

**• 

7.63 
16.34 
36.01 

Constitntion  as  conditioning  Acidity.  —  We  have  seen  one  ex- 
ample of  the  effect  of  constitution  on  acid  properties.  Lactic  acid 
and  6-oxypropionic  acid  are  isomeric,  having  the  same  composition ; 
but  the  acidity  of  the  former  is  more  than  double  that  of  the  latter. 
We  shall  now  study  other  isomeric  substances  to  see  whether  the 
influence  of  constitution  on  acidity  is  general. 

Take  the  two  acids  having  the  composition  C3H7COOH,  —  butyric 
and  isobutyric  acids,  —  and  comparing  their  conductivities  at  the 
same  dilutions,  we  have  :  — 
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Volumes 

BUTYKIC  AOID 

IsoBUTYRio  Acid 

t^9 

M« 

16 

6.46 

5.31 

64 

10.86 

10.68 

266 

21.33 

20.85 

1024 

40.62 

39.97 

The  acidity  of  these  two  isoineres  is  very  nearly  the  same^  con- 
stitution having  but  little  influence  in  these  cases. 

Take  next  the  two  isomeric  monoxy-derivatives  of  succinic  acid, — 
malic  and  inactive  malic  acids :  — 


Volumes 

Malic  Acid 

Inactive  Malic  Acid 

64 

612 

2048 

63.08 
128.1 
213.0 

63.5 
128.6 
212.2 

Constitution  seems  to  have  little  or  no  influence  in  the  above 
cases. 

Comparing  the  acidities  of  the  dihydroxysuccinic  acids,  Ostwald  ^ 
has  determined  the  conductivities  of  the  three  isomeric  substances,  — 
dextrotartaric  acid,  laevotartaric  acid,  and  racemic  acid :  — 


Volumes 

(/-Tartaric  Acid 

/-Tartaric  Acid 

Racemic  Acid 

t^v 

'*» 

t^v 

32 

57.0 

67.6 

67.6 

128 

106.2 

105.6 

106.0 

512 

184.5 

183.2 

182.5 

2048 

291.1 

280.6 

288.0 

Here,  again,  constitution  has  little  or  no  influence  on  the  acidity 
of  the  isomeric  substances. 

We  shall  take  up  next  an  entirely  different  kind  of  isomerism,  de- 
pendent upon  the  arrangement  of  the  atoms  in  space  (stereoisomr 
erism),  and  see  what  influence  the  different  spatial  configurations  have 
on  the  strength  of  the  acid. 

1  Ztschr.phys.  Chem.  8,  371-372  (1889). 
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Take  the  two  acids  having  the  composition  C2H2(COOH)2, — 
male'ic  and  fumaric  acids.  In  terms  of  stereochemistry  and  the 
conception  of  the  tetrahedral  carbon  atom,  these  acids  are  to  be  rep- 
resented by  the  following  formulas :  — 


MalkFo  Acid 
H  -  C  -  COOH 


a-L 


FiTMABio  Aon> 
H  -  C  -  COOH 


COOH 


HOOC 


J 


) 


H 


In  maleic  acid  the  two  hydrogen  atoms  and,  similarly,  the  two 
carboxyl  groups  are  on  the  same  side  of  the  molecule.  In  fumaric 
acid,  hydi'Ogen  is  opposite  carboxyl.  It  is  very  interesting  to  see 
what  influence  this  difference  in  configuration  would  have  on  the 
acidity  of  the  compounds.  Ostwald  ^  has  measured  the  conductivity 
of  these  acids :  — 


Volumes 

MaleFc  Acid 

FUMABIO  AOID 

**• 

**• 

32 

168.0 

66.4 

128 

246.0 

104.6 

612 

312.0 

179.6 

2048 

360.0 

280.2 

The  acidity  of  the  maleic  acid  is  obviously  very  much  the  greater. 
This  is  probably  connected  in  some  way  with  the  proximity  of  the 
hydrogen  atoms,  which  form  ions  and  give  the  acid  properties  to 
the  compounds. 

Let  us  take  another  example  of  stereoisomeric  substances,  and 
see  what  influence  configuration  or  spatial  relation  has  on  their 
acidity.  According  to  Wislicenus,*  citraconic  and  mesaconic  acids 
are  isomeric  in  the  same  sense  as  maleic  and  fumaric  acids :  — 


CiTBACONic  Acid 

CHg  -  C  -  COOH 
il 
H  -  C  -  COOH 


Mkhaconio  Acid 

HOOC  -  C  -  CHs 
II 
H  -  C  -  COOH 


In  citraconic  acid  the  two  carboxyl  groups  are  on  the  same  side 
of  the  molecule,  while  in  mesaconic  acid  they  are  on  different  sides. 

The  following  comparison  of  the  conductivities  of  the  two  acids 
shows  that  they  have  very  different  strengths :  — 


1  Ztschr,  phys.  Chem.  8,  380  (1889). 

^Abh.  d,  KgU  Sachs.  Qes.  d.  Wis,  84,  37  (1887). 
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CiTEAOONIO   AOID 

MuAOONio  Acid 

Yolumes 

^» 

Yolames 

**• 

68.3 

136.6 

646.0 

2184.0 

136.0 
172.2 
263.2 
316.3 

47.96 
191.8 
767.2 
3068.4 

63.0 
113.6 
189.6 
279.1 

■w 

Citraconic  acid  is,  obviously,  much  the  stronger  acid. 

There  is  a  third  substance  having  the  same  composition  as  the 

above,  known  as  itaconic  acid.     It  has,  however,  been  shown  to  be 

methylenesuccinic  acid,  having  the  constitution  represented  by  the 

formula  — 

CH,  =  C  -  COOH 
I 
H,C  -  COOH 

Its  acidity  is  less  than  even  that  of  mesaconic  acid,  as  will  be 
seen  by  the  following  conductivity  results :  — 


Itaookic  Acid 

Volumes 

fi-V 

11.11 

12.82 

44.44 

25.18 

177.8 

48.00 

711.1 

87.31 

1422.0 

116.9 

We  shall  now  turn  to  another  kind  of  isomerism  represented  by 
the  aromatic  compounds,  and  see  what  effect  this  kind  of  difference 
in  constitution  has  on  the  properties  of  the  substance. 

The  most  probable  formula  for  the  constitution  of  benzene  repre- 
sents its  molecule  as  a  hexagon,  with  the  six  CH  groups  at  the 
corners  of  the  hexagon.  In  terms  of  this  conception  we  should 
have  three  kinds  of  disubstitution  products,  and  three  and  only 
three  are  known :  ortho,  where  the  two  substituents  occupy  ad- 
joining corners  of  the  hexagon ;  para,  where  they  occupy  opposite 
corners ;  and  meta,  where  there  is  one  corner  between  them.  The 
question  which  arises  in  this  connection  is  what  influence  would 
the  position  occupied  by  an  atom  or  group  have  on  the  acidity  of 
the  compound  ?  Take  as  an  example  benzoic  acid.  It  has  the 
structure  represented  thus :  — 
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C 

-COOH 

H(' 

/\ 

,CH 

HC 

CH 

CH 

If  we  replace  one  of  the  five  hydrogen  atoms  by  a  hydroxyl  group, 
or  what  is  the  same  thing  introduce  an  oxygen  atom  into  the 
molecule,  what  influence  on  the  acidity  would  the  position  of  the 
oxygen  atom  have?  This  is  answered  by  comparing  the  acidity 
of  benzoic  acid  with  that  of  ortho,  in  eta,  and  para  oxy  benzoic  acids, 
respectively.  The  following  data  are  taken  from  the  work  of 
Ostwald:*  — 


VOLDMSS 

Benzoic  Acid 

0-0 XY BENZOIC  Acid 
Salicylic  Acid 

m-OxYBENZOIO 

Acid 

p-OXYBENZOIO 

Acid 

64 

256 

1024 

21.39 
42.20 

78.94 

80.1 
141.9 
224.1 

25.67 
49.36 
91.63 

14.83 
29.35 
56.25 

• 

The  position  of  the  oxygen  atom  has  thus  a  very  marked  influ- 
ence on  its  effect  on  the  acidity  of  benzoic  acid.  In  the  ortho 
position  it  increases  the  acidity  more  than  three  times ;  in  the  meta 
position  the  acidity  is  increased  but  only  slightly,  while  the  pres- 
ence of  the  oxygen  in  the  para  position  actually  decreases  the 
acidity  of  benzoic  acid. 

Let  us  examine  next  the  effect  of  chlorine  in  the  three  posi- 
tions :  — 


Volumes 

Benzoic  Acid 

o-Chlobbenzoio 
Acid 

m-CULORBENZOIC 

Acid 

/>-Chlorbbnzoio 
Acid 

Mtr 

Mr 

lh> 

^ 

64 

21.39 

89.2 

— 

256 

42.20 

156.1 

64.3 

— 

1024 

78.94 

238.7 

116.2 

125 

Chlorine  in  the  ortho  position  has  the  greatest  influence,  in  the 
para  position  an  intermediate  influence,  while  in  the  meta  position 

1  Ztschr.  phys.  Chem.  3,  241  (1889). 
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it  lias  the  least  influence.     This  is  not  the  order  with  respect  to  the 
influence  exerted,  which  was  observed  with  oxygen. 
Take  the  nitrobenzoic  acids :  — 


Volumes 

BsMzoio  Acid 

ONlTKOBKirxOIO 

Acid 

m-NlTBOBUffZOIO 

Acid 

p-NlTBOBKNaOIC 

Acid 

128 

256 

1024 

>*• 
29.70 
42.20 

78.94 

205.3 
246.1 
312.3 

67.6 

90.9 

167.6 

97.0 
164.7 

The  nitro  group  increases  the  acidity  of  benzoic  acid  when  in  any 
of  the  three  positions.  It  has  the  greatest  influence  in  the  ortho 
position,  less  in  the  para,  and  the  least  influence  in  the  meta  posi- 
tion. Take,  finally,  the  effect  of  position  on  the  influence  of  the 
amido  group :  — 


VOLUMIS 

Benzoic  Acid 

O-AlflDOBKliZOIC 

Acid 

f7»-A]fIDOBKHZOIC 

Acid 

* 

p-ajudobbnzoic 
Acid 

64 

266 

1024 

21.39 
42.20 
78.94 

7.21 
16.11 
33.61 

22.16 
44.39 
88.30 

7.63 
16.34 
36.01 

The  amido  group  in  the  ortho  position  and  in  the  para  position 
greatly  diminishes  the  acidity  of  benzoic  acid,  while  the  amido  group 
iA  the  meta  position  has  little  or  no  influence  on  the  acidity  of  ben- 
zoic acid. 

It  is  obvious  from  the  above  results  that  position  has  a  marked 
effect  on  the  influence  of  atoms  and  groups  on  the  acidity  of  com- 
pounds. No  wide-reaching  generalization,  which  is  free  from  excep- 
tions, has  been  arrived  at,  connecting  these  phenomena.  It  may  be 
said  in  general  that  the  greatest  influence  is  exerted  in  the  ortho 
position,  while  the  smallest  influence  is  shown  by  the  substituent  in 
the  meta  or  para  position. 

We  have  studied  in  this  chapter  the  influence  of  composition  on 
acidity,  and  also  the  influence  of  constitution  on  acidity.  Let  us 
now  see  what  influence  composition  and  constitution  have  on  the 
strength  of  bases. 
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Composition  as  conditioning  Basicity.  —  We  have  seen  that  the 
cause  of  acidity  is  the  presence  of  hydrogen  ions,  and  an  acid  is 
strong  or  weak  in  proportion  to  the  number  of  hydrogen  ions  pres- 
ent —  in  proportion  to  its  dissociation. 

In  an  analogous  manner,  the  cause  of  basicity  is  the  presence 
of  hydroxy!  ions.  Wherever  we  have  hydroxy!  ions  we  have  basic 
property,  and  wherever  we  have  basic  property  we  have  hydroxy! 
ions.  A  base  is  strong  or  weak  just  in  proportion  to  the  number  of 
hydroxy!  ions  present,  i.e,  in  proportion  to  its  dissociation. 

The  strongest  of  a!l  bases,  as  we  have  learned,  are  the  hydroxides 
of  the  a!ka!i  metais,  —  potassium,  sodium,  calcium,  lithium,  and  ru- 
bidium hydroxides.  These  are  dissociated  to  just  about  the  same 
extent  as  the  strongest  mineral  acids,  under  the  same  condition  of 
concentration. 

When  we  come  to  ammonium  hydroxide,  we  find  a  base  which  is 
incomparably  weaker  than  those  to  which  we  have  just  referred. 
That  this  may  be  fully  appreciated,  the  molecular  conductivities  of 
a  few  solutions  of  ammonium  hydroxide  are  compared  with  the 
molecidar  conductivities  of  the  corresponding  solutions  of  potassium 
hydroxide,  the  measurements  being  made  at  the  same  tempera- 
tures :  — 


VOLITMEB 

POTABSIUM    HtDROXIDK 

Ammokium  Htdroxidk 

M# 

^» 

1 

171.8 

0.84 

10 

198.6 

8.1 

100 

212.4 

0.2 

1000 

211.0 

26.0 

In  normal  solution,  potassium  hydroxide  is  nearly  two  hundred 
times  as  strong  as  ammonium  hydroxide ;  as  the  dilution  increases, 
the  strength  of  ammonium  hydroxide,  relative  to  potassium  hydrox- 
ide, increases,  until  at  a  dilution  of  1000  litres,  where  potassium 
hydroxide  is  completely  dissociated,  ammonium  hydroxide  is  about 
one-eighth  as  strong  as  potassium  hydroxide. 

Ammonium  hydroxide  is  an  example  of  the  way  in  which  physi- 
cal chemistry  has  corrected  errors  in  chemistry,  which  have  persisted 
for  a  long  time.  Ammonium  hydroxide  was  regarded  as  a  very 
strong  base,  and  there  was  no  purely  chemical  means  of  correcting 
the  error.  It  precipitated  most  of  the  substances  with  which  potas- 
sium hydroxide  formed  a  precipitate ;  it  acted  vigorously  upon  the 
2ir 
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mucous  membrane  of  the  throat  and  nose^  and  altogether  behaved 
like  a  very  strong  base.  It  remained  for  a  physical  chemical  method 
— the  conductivity  method — to  show  that  it  is  relatively  a  weak 
base,  by  measuring  the  relative  number  of  hydroxyl  ions  present. 

The  hydroxides  of  the  alkaline  earths,  —  calcium,  strontium,  and 
barium,  are  very  strong  bases,  but  not  as  strong  as  the  hydroxides 
of  the  alkalies.  Halving  the  molecular  conductivities  of  the  former, 
and  comparing  these  values  with  the  molecular  conductivities  of 
potassium  hydroxide  under  the  same  conditions,  we  have :  — 


V0LUMR8 

KOH 

i  Ca(0H), 

iSKOH), 

|B«<0H), 

• 

M« 

M# 

M« 

32 

207 

190 

193 

64 

210 

190 

197 

201 

256 

214 

220 

209 

216 

1024 

212 

212 

220 

The  relative  strengths  of  the  two  sets  of  hydroxides  are  obvious 
from  the  above  values. 

If  we  go  farther  and  examine  the  hydroxides  of  the  heavy 
metals,  we  would  find  that  most  of  them  are  so  slightly  soluble  that 
their  conductivities  cannot  be  measured  satisfactorily.  We  would 
also  find  that  some  hydroxides,  like  aluminium  and  zinc,  are  acid 
under  one  set  of  conditions  and  basic  under  other  conditions.  In 
the  presence  of  a  strong  acid  they  are  basic,  and  in  the  presence  of  a 
strong  base  they  are  acidic. 

It  may  seem  difficult  at  first  to  account  for  these  facts  in  the 
light  of  the  present  simple  conceptions  of  acid  and  base ;  but  they 
really  present  no  difficulty.  A  substance  like  aluminium  hydroxide  in 
the  presence  of  a  strong  acid  dissociates  like  the  alkaline  hydroxides, 
yielding  hydroxyl  ions  which  give  it  its  basic  properties.  In  the 
preseuce  of  a  strong  base  it  dissociates  yielding  hydrogen  ions,  and 
a  complex  anion  containing  aluminium,  oxygen,  and  probably  some 
hydrogen.  The  way  in  which  the  molecule  breaks  down  into  ions 
may  be  conditioned  by  the  nature  of  the  substance  with  which  it  is 
in  contact. 

Organic  Bases.  —  The  most  accurate  work  on  the  conductivity  of 
the  organic  bases  we  owe  to  Bredig,^  who  carried  out  this  elaborate 
series  of  measurements  in  connection  with  his  dissertation  in  Ost- 
wald's  laboratory  and  under  his  guidance.     Let  us  examine  first  the 


^  Ztschr,  phys.  Chem.  18,  289  (1894). 
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effect  of  composition  on  basicity  among  the  primary  amines,  by 
comparing  some  of  the  members  of  the  homologous  series,  —  methyl- 
amine,  ethylamine,  etc. :  — 


Volumes 

Ammonia 

Metutlamink 

Ethtlamink 

Propyl A MixK 

M« 

M« 

^» 

M# 

8 

3.20 

14.1 

18.8 

12.3 

82 

6.28 

27.0 

27.0 

23.0 

128 

12.63 

49.5 

40.4 

44.7 

256 

17.88 

65.4 

65.6 

59.6 

Methylamine  is  a  much  stronger  base  than  ammonia  itself,  show- 
ing that  the  replacement  of  one  hydrogen  atom  by  a  methyl  group 
has  greatly  increased  the  basicity.  Ethyl  has  just  about  the  same 
influence  as  methyl,  while  propyl  has  a  slightly  smaller  influence. 

The  question  which  would  next  arise  is  what  influence  would  the 
replacement  of  a  second  hydrogen  atom  by  a  radical  have  on  the 
basicity  ?  This  can  be  answered  by  studying  the  series  of  second- 
ary amines :  — 


Volumes 

DiMETlIYLAMINB 

DiETIIYLAMINB 

DlPROPYLAMINK 

th, 

Ihf 

M# 

8 

16.1 

10.1 

16.6 

82 

31.0 

37.1 

33.1 

128 

67.2 

67.1 

60.0 

256 

75.4 

86.6 

77.6 

Dimethylamine  is  slightly  stronger  than  monomethylamine,  and, 
similarly,  for  diethyl-  and  dipropyl-amines. 

We  can  go  farther  and  introduce  a  third  group  into  ammonia, 
giving  the  tertiary  ammonium  bases.  It  is  of  interest  to  see  what 
influence  the  third  group  has  on  the  basicity :  — 


Volumes 

Trimetiiylaminb 

Triethylamink 

Tripropylamimb 

M# 

M# 

Mk 

8 

4.95 

13.3 

32 

10.2 

27.1 

128 

20.0 

50.0 

258 

27.5 

66.4 

60 
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The  introdaction  of  the  third  radical  diminishes  the  basicity  veij 
considerably. 

We  can,  however,  go  one  step  farther  and  introdace  a  fourth  radi- 
cal into  ammonia,  giving  the  quaternary  ammonium  bases.  What 
effect  could  the  fourth  group  have  on  the  basicity  ?  Since  the  third 
group  lessens  the  basicity,  we  should  expect  the  fourth  group  to  still 
further  diminish  it.     Let  us  see  what  are  the  facts :  — 


VoLrns 

tbtbajisthtuufmonium 
Htdboxiob 

Htdboxidb 

16 

64 

256 

205 
211 
•     (213) 

176 
183 
187 

The  fourth  group  increases  the  basicity  to  such  an  extent  that  the 
quaternary  ammonium  bases  are  not  only  stronger  than  the  primary 
and  secondary,  but  are  to  be  ranked  with  the  very  strong  bases,  being 
nearly  as  strong  as  the  alkali  hydroxides  themselves.  The  presence 
of  four  substituting  groups  in  bases  in  general  makes  them  very 
strongly  basic.  Take  the  weak  bases, — phosphene,  arsene,  and  stil- 
bene  (PHg,  AsHg,  SbHg).  These  compounds  form  derivatives  which 
seem  to  be  tetrasubstitution  products  of  H4POH,  H4ASOH,  and 
H4SbOH,  in  which  the  four  hydrogen  atoms  are  replaced  by  methyl 
groups.  These  compounds  are  tetramethylphosphonium  hydroxide, 
tetramethylarsonium  hydroxide,  and  tetramethylstibonium  hydrox- 
ide, having  the  respective  formulas :  (CH3)4POH,  (CH3)4AsOH,  and 
(CH3)4SbOH.  These  are  strongly  basic  substances,  as  will  be  seen 
from  the  following  conductivity  results  taken  from  the  work  of 
Bredig :  ^  — 


Volumes 

Tetrametiiylpiios- 

PUONIUM  HyDEOXIDR 

Tetramethylaeso- 
aivH  Hydroxide 

Tetramktuylstibo- 
NiuM  Hydroxide 

16 

64 

266 

200 
207 
208 

197 
202 
204 

166 
160 
171 

^Ztachr.  phya.  chem.  18,  301  (1894). 
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Constitntion  as  conditioning  Baaicily.  —  The  effect  of  constitution 
on  basicity  can  be  seen  by  comparing  isomeric  substances.  Take 
propylamine  and  isopropylamine :  — 


Volumes 

Propylamuvb 

ISOPROPTLAIIINB 

Mk 

M« 

8 

12.3 

18.0 

32 

23.0 

26.7 

128 

44.7 

47.1 

256 

69.6 

62.3 

Isopropylamine  is  a  slightly  stronger  base  than  propylamine, 
but  the  difference  is  very  slight. 

There  are,  however,  many  cases  known,  as  Bredig  points  out,  of 
isomeric  and  metameric  compounds  which  have  very  different 
strengths  as  bases.  This  shows  that  constitution  often  has  a 
marked  influence  on  the  strength  of  bases,  as  we  have  seen  that  it 
has  on  the  strength  of  acids. 


The  results  contained  in  this  chapter,  like  those  of  the  earlier 
physical  chemistry,  are  purely  empirical.  We  know  how  certain 
elements  and  groups  affect  the  strength  of  the  acid  or  base  into 
which  they  enter,  and  that  the  effect  may  depend  upon  the  way  in 
which  these  are  combined  with  other  substances  in  the  molecule. 
We  do  not  know,  nor  do  we  have  any  idea,  why  this  is  the  case.  Why 
does  an  oxygen  atom  increase  the  acidity  of  certain  compounds,  and 
diminish  the  acidity  of  others  ?  and  why  does  the  presence  of  a  nitro 
group  affect  the  acidity  quite  differently  in  different  positions  ?  are 
questions  to  which  we  have  absolutely  no  satisfactory  answer. 

The  physical  chemist  of  to-day,  like  the  physical  chemist  of  the 
earlier  part  of  the  nineteenth  century,  must  be  content  for  the  time 
being  with  empirical  results  in  certain  directions.  He,  however, 
recognizes  that  this  is  but  a  necessary  stage  in  the  development  of 
the  subject,  and  in  nowise  regards  it  as  final. 

We  have  seen  how  great  masses  of  empirically  established  facts 
have  already  been  placed  upon  an  exact  physical  and  mathematical 
basis.  The  aim  of  the  physical  chemist  in  the  future  will  be  to 
extend  and  supplement  these  generalizations,  which  have  already 
accomplished  so  much  for  the  science  of  chemistry. 
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Electrolysis,  Williamson's  theory  of, 
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theory  of,  199. 
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equation  of,  453. 
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^U 

Freezing-point  lowering,  Raoult's  law 

ti-lc  constant  of  liquid  ammonia,  146.        1 

^1 

of.  207. 

■ 

Freezing-point     lowering,     work     of 

Gravity,  speclflc,  of  liquids,  134.       ■ 

L 

Raoult,  204. 

Grottbuss'  theory  of  electrolysis,  S^^^^H 
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Groups  in  the  Periodic  System,  relations 

within,  26. 
Guidburg  and  Waage,lawof  mass  action, 

450. 
Guye^s  hypothesis,  128. 

Halogen  substitution  products,  heats  of 
combustion,  304. 

Hamburger's  method  of  measuring  rela- 
tive osmotic  pressures,  191. 

Heat  and  electricity,  conduction  of, 
319. 

Heat,  dissociation  by,  440. 

Heat  of  combustion,  302. 

Heat  of  formation  of  organic  com- 
pounds, 300. 

Heat  of  neutralization,  294. 

Heat  of  neutralization  of  strong  acids 
and  bases  is  constant,  295. 

Heat  of  neutralization  of  weak  acids 
and  bases  is  inconstant,  297. 

Heat  of  vaporization,  methods  of  deter- 
mining, 104. 

Heat  of  vaporization  at  the  critical 
ix>int,  106. 

Heats  of  vaporization,  relations  between, 
104. 

Heat  tone  of  a  reaction,  286. 

Heide,  Van  der,  equilibrium  between 
phases  of  three  substances,  602. 

Helium,  ratio  between  specific  heats 
of,  71. 

Hemihedrism,  151. 

Hess,  thermochemical  work  of,  279. 

Heterogeneous  reaction  of  the  first 
order,  477. 

Heterogeneous  reaction  of  the  second 
order,  479. 

Heterogeneous  reaction  of  the  second 
order,  equilibrium  in,  when  one  sub- 
stance is  solid,  486. 

Heterogeneous  reaction  of  the  second 
order,  equilibrium  in,  when  two  sub- 
stances are  solid,  487. 

Heterogeneous  reactipn  of  the  second 
order,  equilibrium  in,  when  three 
substances  are  solid,  488. 

Hittorf's  theory  of  migration  velocities 
of  ions,  327. 


Holohedrism,  161. 

Homogeneous  reactions,  first  order, 
equilibrium  in,  482. 

Homogeneous  reactions,  second  order, 
equilibrium  in,  484. 

Hulitt,  method  of  purifying  water, 
342. 

Humphreys,  diffusion  of  metals  in  mer- 
cury in  terms  of  the  Periodic  Sys- 
tem, 30. 

Hydrocarbons,  heats  of  combustion, 
302. 

Hydrogen  ions,  catalytic  action  of,  467. 

Ignition    temperature    and    pressure, 

472. 
Imperfections  in  the  Periodic  System, 

34. 
Index  of  refraction,  110. 
Indicators,  theory  of,  267. 
Induction,  photochemical,  430. 
Intrinsic  or  chemical  energy  into  elec- 
trical, 380. 
Inversion  of  cane  sugar,  454,  524. 
Ion,  effect  of  a  common,  on  solubility, 

516. 
Ion  formation,  modes  of,  368. 
Ions,    demonstration   of,    in  solution, 

367. 
Ions,  discharging  potential  of,  423. 
Ions,  migration  velocities  of,  326. 
Isohydric  solutions,  363. 
Isomeres,  action  of  light  in  forming, 

432. 
Isomeres  optically  active,  separation  of, 

127. 
Isomorphism,  157. 
Isomorphism,  an  aid   in  determining 

atomic  weights,  12. 
Isotonic  coefficients,  190. 

Jones,  boiling-point  method,  236. 

Jones,  color  demonstration  of  the  dis- 
sociating action  of  water,  260. 

Jones,  dissociation  from  freezing-point 
lowering  and  from  conductivity, 
351. 

Jones,  dissociation  in  CH4O  and  CsHeO, 
371. 
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Jones,  freezing-point  lowering  in  con- 
centrated solutions  of  electrolytes, 
217. 

Jones,  freezing-point  method,  215. 

Jones,  solution-tension  of  metals,  411. 

Joule's  law,  320. 

Kayser  and  Runge,  relations  between 
the  spectrum  lines  of  the  different 
elements,  78. 

Kinetic  theory  of  gases,  49. 

Kinetic  theory  of  gases,  ratio  of  specific 
heats  deduced  from,  71. 

Kinetic  theory  of  liquids,  89. 

KirchhofTs  law,  75. 

Kistiakowsky's  method  of  determining 
the  relative  velocities  of  ions,  330. 

Knight's  work  on  double  salts  in  solu- 
tion, 365. 

Kohlrausch  and  Heydweiller,  method 
of  purifying  water,  342. 

Kohlrausch,  conductivity  of  solutions, 
.339. 

Kohlrausch,  dissociation  from  conduc- 
tivity and  from  freezing-point  low- 
ering, 357. 

Kohlrausch,  electrochemical  equivalent, 
324. 

Kohlrausch,  law  of,  346. 

Kohlrausch,  law  of,  Ostwald's  modifi- 
cation, 347. 

Kohlrausch,  law  of,  to  determine  rela- 
tive velocities  of  ions,  349. 

Konowalow,  vapor-pressures  of  liquid 
mixtures,  173. 

Kopp,  molecular  volumes  of  liquids, 
135. 

Kopp,  relation  between  composition  and 
constitution  and  boiling-points,  97. 

Kopp,  specific  heat  of  liquids,  163. 

K lister,  molecular  weights  of  solids, 
274. 

Landsberger,  boiling-point  method  as 
modified  by  Walker  and  Lumsden, 
236. 

Latent  heat  of  fusion,  determination 
of,  161. 

Latent  heat  of  fusion,  molecular,  161. 


LaToisier  and  Leplaoe,  law  of,  270. 

Leclanch^  element,  425. 

Light,  action  of  in  forming  iaomeres  and 
ix>lymere8,  432. 

Light,  action  of  on  silver  salts,  432. 

Linde,  liquefaction  of  gases,  84. 

Lippmann's  electrometer,  377. 

Liquefaction  of  gases,  80. 

Liquid  element,  theory  of,  396. 

Liquids,  79. 

Liquids  and  gases,  relations  between, 
79. 

Liquids,  dielectric  constants  of,  145. 

Liquids,  effects  of  certain  atoms  or 
groups  on  boiling-points  of,  102. 

Liquids  in  gases,  solutions  of,  167. 

Liquids  in  liquids,  solutions  of,  169. 

Liquids  in  solids,  solutions  of,  267. 

Liquids,  kinetic  theory  of,  89. 

Liquids,  molecular  weights  determined 
from  surface-tension,  140. 

Liquids,  solutions  of  gases  in,  168. 

Liquids,  surface-tension  of,  methods  of 
measuring,  138. 

Liquids,  viscosity  of,  method  of  deter- 
mining, 136. 

Lodge's  method  of  determining  veloci- 
ties of  ions,  335. 

Loom  is,  freezing-point  method,  216. 

Lorentz-Lorenz,  refraction  formula,  112. 

Lowenherz,  equilibrium  between  phases 
of  four  substances,  506. 

Mackay  and  Jones,  method  of  purify- 
ing water,  342. 

Mackay,  work  on  double  salts  in  solu- 
tion, 365. 

Magnetic  property,  133. 

Magnetic  rotation  of  plane  of  polariza- 
tion, 130. 

Marignac,  determination  of  atomic 
weights,  16. 

Mass  action,  effect  of  pointed  out  by 
Wenzel,  440. 

Mass  action,  law  of,  450. 

Mass  action,  work  of  Berthelot  and 
Pean  de  Saint  Gilles,  444. 

Mass  action,  work  of  Berth  oUet,  440. 

Mass  action,  work  of  Rose,  442. 
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Mass  action  unchaDged  in  chemical  re- 
actions, 283. 

Mass,  law  of  the  conservation  of,  1. 

Mather,  method  of  determining  the  ve- 
locity of  ions,  331. 

Maximum  molecular  conductivity,  350. 

Maximum  work,  Berthelot*8  law  of, 
282. 

Mechanical  equivalent  of  heat,  66. 

Mechanical  theory  of  heat,  66. 

Medium,  effect  of  nature  of,  on  the  ve- 
locity of  reactions,  470. 

Melting-point  a  criterion  of  purity,  160. 

Melting-point  of  solids,  method  of  de- 
termining, 168. 

Melting-points  of  substances,  relations 
between,  159. 

Membrane,  nature  of,  as  affecting  os- 
motic pressure,  186. 

Mendelteff*8  Periodic  System,  22. 

Metals,  colloidal  solutions  of,  262. 

Metals,  electrolytic  separation  of,  422. 

Methyl  acetate,  saponification  of,  526. 

Meyer,  L.,  Periodic  System,  24. 

Meyer,  V.,  method  of  determining 
vapor-density,  56. 

Migration  velocities  of  ions,  326. 

Modes  of  ion  formation,  368. 

Moisture  as  affecting  velocities  of  reac- 
tions, 471. 

Molecular  refraction,  an  additive  prop- 
erty, 119. 

Molecular  refractivities  of  substances, 
relations  between,  113. 

Molecular  rotation  of  the  plane  of 
polarized  light,  121. 

Molecular  volume  of  liquids,  134. 

Molecular  weights  and  Avogadro's  hy- 
pothesis, 7. 

Molecular  weights  and  densities  of 
gases,  52. 

Molecular  weights,  atomic  weights 
from,  8. 

Molecular  weights  determined  by  freez- 
ing-point method,  212. 

Molecular  weights  determined  by  low- 
ering of  vapor-tension,  231. 

Molecular  weights  determined  from  the 
densities  of  gases,  6. 


Molecular  weights  of  liquids  from  their 
surface-tensions,  140. 

Molecular  weights  of  solids,  271-277. 

Molecules,  size  of,  37-39. 

Monomolecular  reactions,  464. 

Morley,  determination  of  atomic 
weights,  16. 

Morsels  method  of  demonstrating  os- 
motic pressure,  181. 

Multiple  proix>rtions,  law  of,  3. 

Nemst  and  Abegg,  freezing-point 
method,  216. 

Nernst  and  Loeb,  method  of  determin- 
ing the  relative  velocities  of  ions, 
329. 

Nemst  and  Ostwald,  demonstration  of 
free  ions  in  solution,  367. 

Nernst,  calculation  of  electromotive 
force  from  osmotic  pressure,  384. 

Nemst,  conception  of  solution-tension 
of  metals,  384. 

Nemst,  dissociating  power  and  dielec- 
tric constants,  373. 

Nemst,  method  of  purifying  water, 
342. 

Nernst,  on  dielectric  constants,  146. 

Nernst,  solubility  deductions,  617. 

Nemst,  theory  of  diffusion,  248. 

Neutralization,  heat  of,  294. 

Neutralization  of  strong  acids  and 
bases,  constant  heat  of,  295. 

Neutralization  of  weak  acids  and  bases, 
inconstant  heat  of,  297. 

Newlands,  octaves  of,  20. 

Nomenclature,  electrochemical,  322. 

Normal  electrode,  Ostwald,  407. 

Noyes,  A.  A.,  and  Blanchard,  demon- 
stration of  the  different  conductivi- 
ties of  substances,  344. 

Noyes,  A.  A.,  and  Wason,  on  trimolecu- 
lar  reactions,  464. 

Noyes,  A.  A.,  experiments  on  change 
in  solubility  as  a  measure  of  dissoci- 
ation, 518. 

Noyes,  A.  A.,  order  of  reactions, 
469. 

Noyes,  A.  A.,  relative  velocities  of 
ions,  331. 
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OclAVCB  of  NewlandB,  SO, 

Dhin'H  Inw,  320. 

Olazewabi,  liquefaction  of  gues,  82. 

Optical  activity  and  diemical  conatjtu- 

Uon,  122. 
Optically  active  BUbstances,  ISO. 
Optical  properties  of  crystals,  153. 
Order,  e,  reaction  of  first,  464. 
Order,  arencticm  of  second,  459. 
Order,  a  reaction  of  third,  4ft4. 
Order,  first,  beterogeneous  reactiona  of 

the,  477. 
Order,  first,  helerogeneooB  reactiona  oi 

the,  equilibrium  in,  483. 
Order,  first,  bomogeneoua  reactionB  ot 

tbe,  464. 
Order,  first,  bomo§^neous 

tbe,  equilibrium  in,  482. 
Order  of  a  reaction,  metliod  of  deter- 
mining, 467. 
Order,  second,  heterogeoeoua  reacUooa 

of  the,  470. 
Older,  second,  heterogeneous  reactions 

of  tbe,  equilibrium   in,  where    one 

substance  is  solid,  487. 
Order,  iiecuiid,  heterogeneoua  reactions 

of  tbe,  equilibrium   in,  where  two 

substances  are  solid,  487. 
Order,  second,  beterogeneous  reactions 

of  the,  when  three  substances  are 

solid,  488. 
Order,  second,  horaogeneoos  reactions 

of  the,  451). 
Order,  second,  homogeneous  reactions 

ot  the,  equilibrium  in,  484. 
Organic   acids    and   their  eubstitu'.ion 

products,  chemical  activitj  of,  630. 
Organic   acids,   dissociation    constants 

of,  357. 
Organic    compounds,    electros jntbesis 

o(,  423. 
Organio  compounds,    heats  of  forma- 
tion, 300. 
Origin  of  the  theory  ot  electrolytic  dis- 
sociation, 190. 
Osmotic    pressnre    and    gaa-preasure, 

causes  of,   167. 
Osmotic    pressure    and    gas-pressure, 

relations  between,    103. 


Osmotic   pressure   and   freednp^point 

lowering,  demonstration  of  relation 


240. 

Osmotic  pressure,  Avogadro's  law  ap- 
plied to,  \m. 

Osmotic  pressure,  Boyle's  law  for,  104. 

Osmotic  pressure,  calculation  of  the 
electromolive  force  of  elements 
from,  381. 

Osmotic  pressure,  demonstration  of,  1 70. 

Osmotic  pressure,  ettect  of  the  nature 
of  tbe  membrane  on,  186. 

Osmotic  pressure,  measured  by  the 
freezing- point  method,  225. 

Osmotic  pressure,  measured  by  the 
optical  method,  102. 

Osmotic  pressure,  measurement  of,  182. 

Osmotic  pressure,  Morse's  method  of 
demonstrating,  181. 

Osmotic  pressure,  Pfetter's  measure- 
ments of,  185. 

Osmotic  pressure,  retativo  measure- 
ment of  the,  188. 

Ostwald,  amount  of  stable  phase  neces- 
sary to  concert  a  metastable  into 
the  stable  phase,  403. 

Ostwald,  calculation  of  electromotive 
force  of  the  gas-battery,  404. 

Ostwald,  demonstration  of  chemical 
action  at  a  distance,  413. 

Ostwald,  dilution  law,  362. 

Ostwald,  dilution  law,  testing,  354. 

Ostwald,  method  nf  determining  the 
order  of  a  reaction,  4(18. 

Ostwatd,  modification  of  Kofalrauscb's 
law,  347. 

Ostwald,  modification  of  the  Lippmac 
electrometer,  377. 

Ostwald,  normal  electrode,  407. 

Ostwald,  thermoregulator,  343. 

Ostwald.  velocities  of  complex  oigsnlA^ 
anions,  360. 

Ostwald,  work  on  color  of  solutions,  264, 

Ota.  work  on  double  salts  in  solution, 

am. 

Oxidation  and  reduction  elements,  402. 
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Oxygen,  effect  of  on  acidity,  634. 
Oxygen,  tliermocliemistry  of,  202. 

Palmaer,  demonstration  of  solution- 
tension  of  metals,  387. 

Paramagnetic  and  diamagnetic  bodies, 
133. 

Pasteur's  work  on  optically  active  sub- 
stances, 122. 

Pebars  experiment,  61. 

Periodic  System,  imperfections  in  the, 
34. 

Periodic  System  of  MendeUeff  and  L. 
Meyer,  21. 

Perkin,  work  on  magnetic  rotation,  131. 

Petit  and  Dulong,  law  of,  162. 

Pfeffer,  method  of  measuring  osmotic 
pressure,  182. 

Pfeffer,  osmotic  pressure  results,  186. 

Phase  rule,  489. " 

Phases,  four  of  the  same  substance,  493. 

Phases,  four  substances,  equilibrium 
between,  606. 

Phases,  three  substances,  equilibrium 
between,  603. 

Phases,  three  of  the  same  substance,  492. 

Phases,  two  of  the  same  substance,  492. 

Phases,  two  of  the  same  substance, 
three  conditions  variable,  496. 

Phases,  two  substances,  equilibrium 
between,  497. 

Phosphorus,  thermochemistry  of,  294. 

Photochemical  action,  law  of,  433. 

Photochemical  extinction,  430. 

Photochemical  induction,  430. 

Photochemistry,  426. 

Physical  properties  and  atomic  weights, 
27. 

Physical  properties  of  completely  dis- 
sociated solutions,  264. 

Pictet,  liquefaction  of  gases,  82. 

Poggendorff*s  method  of  measuring 
electromotive  force,  879. 

Point,  critical,  92. 

Polarization,  416-417. 

Polarization,  method  of  measuring,  417. 

Polarization,  results  of  measurement, 
418. 

Polarized  light,  rotation  of  plane  of,  120. 
2o 


Polonium,  436. 

Polymeres,  action  of  light  in  forming, 

432. 
Polymorphism,  166. 
Potential  between  metal  and  solution, 

calculation  of,  388. 
Potential   differences    between  metals 

and  electrolytes,  406. 
Potential  differences,  measurement  of, 

406. 
Potential,  source  of  in  a  concentration 

element,  399. 
Prediction  of  elements  by  means  of  the 

Periodic  System,  31. 
Pressure,  critical,  86. 
Pressure,  effect  of  on  conductivity  of 

solutions,  362. 
Pressure,   influence  on  chemical  equi- 
librium, 614. 
Pressure,  influence  on  the  velocity  of 

reactions,  469. 
Primary  cells,  424. 
Primary    decomposition    of    water   in 

electrolysis,  419. 
Primary    decomposition  of    water   in 

electrolysis,  evidence  for,  420. 
Principle  of  Soret,  196. 
Properties  and  atomic  weights,  relations 

between,  18. 
Properties  of  crystals,  relations  between 

and  their  form,  162. 
Properties  of  liquids,  79. 
Properties  of  solutions  of  non-electro- 
lytes, 263. 
Proportion,  law  of  constant,  2. 
Proix>rtions,  law  of  multiple,  3. ' 
Prout's  hjHpothesis,  18. 
Pulfrich's  refractometer,  110. 
Purity  of  substances,  determined   by 

their  melting-point,  160. 

Racemic  modifications,  separation  into 
optically  active  isomeres,  127. 

Radiant  energy  into  chemical,  427. 

Radium,  436. 

Ramsay,  vapor-pressure  of  amalgams, 
238. 

Ramsay  and  Shields,  work  on  surface- 
tension,  141. 
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Raoulty  accurate  freezing-ix>int  method, 
216. 

Raoult,  freezing-point  lowering,  204> 
207. 

Raoult,  law  of  freezing-ix>int  lowering, 
207. 

Raoult,Maw  of  lowering  of  vapor-ten- 
Bion,  230. 

Raoult,  work  on  lowering  of  vapor-ten- 
sion, 227. 

Ratio  between  the  specific  heats  of  a 
gas  calculated  from  the  first  law  of 
thermodynamics,  67. . 

Rayleigh  and  Mrs.  Sedgwick,  determi- 
nation of  electrochemical  equiva- 
lent, 324. 

Reaction  velocity,  law  of,  443. 

Reduction  and  oxidation  elements,  402. 

Refraction,  molecular,  an  additive  prop- 
erty, 119. 

Refraction  of  light,  index  of,  110. 

Refractions,  atomic,  of  some  of  the  ele- 
ments, 117. 

Refractive  power  of  liquids,  110. 

Refractivities,  molecular,  relations  be- 
tween, 113. 

Refractivity  and  density,  111. 

Refractivity,  effect  of  constitution  on, 
116. 

Refractometer,  Pulfrich,  110. 

Regnault,  testing  law  of  Dulong  and 
Petit,  162. 

Relative  osmotic  pressure,  measurement 
of  the,  188. 

Richards,  determination  of  atomic 
weights,  16. 

Richards,  determination  of  electro- 
chemical equivalent,  325. 

Rive,  I)e  la,  work  on  magnetic  rota- 
tion, 131. 

Rodger  and  Watson,  work  on  magnetic 
rotation,  133.  , 

Rodger  and  Thorpe  on  viscosity  of 
liquids,  137. 

Kontgen  rays,  433. 

R  ooze  boom,  equilibrium  between  phases 
of  two  substances,  600. 

Rose,  work  on  mass  action,  442. 

Roscoe  and  Bunsen,  actinometer,  429. 


Rotation,  magnetic,  of  plane  of  polari- 
zation, 130. 

Rotation  of  plane  of  polarized  light, 
measurement  of,  121. 

Rotation,  specific  and  molecular,  121. 

Rowland^s  determination  of  the  me- 
chanical equivalent  of  heat,  67. 

Rowland^s  determination  of  the  specific 
heat  of  water,  107. 

Rudolphi,  dilution  law,  366. 

Rutherford,  on  uranium  radiation,  436. 

Saint  Gilles  and  Berthelot,  on  ester 
formation,  444. 

Saponification  of  an  ester,  460. 

Saponification  of  an  ester,  effect  of  the 
nature  of  the  acid  or  base  on  the 
velocity  of,  461. 

Saponification  of  esters  by  bases,  627. 

Saponification  of  methyl  acetate,  626. 

Saturated  hydrocarbons,  heats  of  com- 
bustion, 302. 

Schmidt,  on  thorium  radiation,  435. 

Second  law  of  thermodynamics,  73. 

Second  order  heterogeneous  reactions, 
equilibrium  in,  when  one  substance 
is  solid,  486. 

Second  order  heterogeneous  reactions, 
equilibrium  in,  when  three  sub- 
stances are  solid,  488. 

Second  order  heterogeneous  reactions, 
equilibrium  in,  when  two  substances 
are  solid,  487. 

Second  order  homogeneous  reactions, 
equilibrium  in,  84. 

Second  order  reactions,  469. 

Semipermeable  membranes,  artificial, 
180. 

Separation,  electrolytic,  of  the  metals, 
422. 

Separation  of  optically  active  isomeres, 
127. 

Series-tension  of  the  metals,  410. 

Shields  and  Ramsay,  work  on  surface- 
tension,  141. 

Side  reactions,  474. 

Silbermann  and  Favre,  thermochemical 
work  of,  280. 

Silver  salts,  action  of  light  on,  132. 
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Size  of  molecules,  37-39. 

Smale,  work  on  gas-battery,  404. 

Solids,  general  properties  of,  148. 

Solids  in  liquids,  solutions  of,  177. 

Solids,  melting-points  of,  method  for 
determining,  158. 

Solids,  molecular  weights  of,  271-276. 

Solid  solutions,  compounds  which  can 
form,  272. 

Solid  solutions,  properties  of,  267. 

Solids,  solution  of  gases,  liquids,  and 
solids  in,  267. 

Solubility  affected  by  an  electrolyte 
with  a  common  ion,  516. 

Solubility  and  dissociation  of  electro- 
lytes, 515-518. 

Solutions,  chemical  properties  of  com- 
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